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Cosmic-ray observations have been taken with Geiger counters on a voyage from San 
Francisco to Colombo via Japan and return via Australia. The apparatus used possesses some 
interesting features and is described at length. The latitude effect for vertical coincidences is 
found to be 14.5 percent in the region of the Dutch East Indies and 10 percent in the Pacific 
Ocean. The showers show a much smaller variation with latitude, only about 6 percent being 
found in the region of the East Indies. This result is interpreted as meaning that the latitude 
sensitive part of the radiation is not as efficient at producing showers as the nonlatitude sensitive 
radiation. Qualitatively at least, such behavior is consistent with the hypothesis that the 
latitude sensitive radiation is due to incoming electrons. 


XPERIMENTS indicating the existence of 
a small latitude effect for the cosmic-ray 
showers measured by three Geiger counters 
placed out of line beneath a thin plate of lead, 
have been reported by Johnson and Read,! and 
Pickering.” In both these cases, however, instru- 
mental and statistical difficulties have precluded 
the possibility of very accurate results. Last 
year it was felt that the development of the 
Neher-Harper circuit* which permits the use of 
very large counters, was the answer to the experi- 
mental difficulties of the problem, and accord- 
ingly this investigation was undertaken. During 
the course of the experiment the counters were 
taken from San Francisco to Colombo via Japan, 
then from Singapore to Melbourne and from 
Auckland to Vancouver. Measurements were 
made of the variation of both the vertical rays 
and the showers. 


erm and Read, Phys. Rev. 51, 557 (1937). 
? Pickering, Phys. Rev. 49, 945 (1936). 
* Neher and Harper, Phys. Rev. 49, 940 (1926). 


APPARATUS 


The counters used in this work were made of 
hard drawn copper tubing 3} in. in outside 
diameter and with a wall thickness of ;y in. 
The active length of the counters was about 14 in. 
Since glass tubing of the size necessary to enclose 
these counters would be both fragile and ex- 
pensive, a somewhat unusual type of construction 
was employed (see Fig. 1). This design was very 
satisfactory in actual service. Only one counter 
out of twelve was broken by rough handling, 
and none of the remainder developed any leaks. 

The gas used for filling the counters was a 
mixture of 80 percent argon and 20 percent dry 
air. A pressure of about 5 cm made the threshold 
voltage about 1450 volts, and all the counters 
were filled until they had the same threshold. 
After about a year, these counters operate with 


. practically their original characteristics. 


The Neher-Harper circuit possesses at least 
one very marked advantage over the conven- 
tional circuit when used under conditions such 
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Fic. 1. Design of counters. 


as those experienced on a long sea voyage. In 
this circuit the highest resistance which has to 
be maintained fairly constant is 15 megohms as 
compared to the conventional circuit with its 
resistances of about 10° ohms. Of course, in both 
circuits leakage between elements of the counter 
has to be avoided, but again in the new circuit 
the requirements are not so exacting. As an 
example of the practical advantage of this 
matter, during this voyage the only time that 
humidity gave any trouble was once when the 
rain was actually beating on the apparatus. 

With this circuit only one stage of amplifica- 
tion is necessary to give a pulse in the right 
direction to be fed to the mixing tube in the 
usual way. In our case the mixing tube was an 
885 type thyratron which operated a mechanical 
counter through the circuit of Fig. 2. This 
circuit has the advantage that a fast relay is 
used directly in the plate circuit of the tube, and 
the contacts on this relay make, but do not 
break, the comparatively large current which 
operates the mechanical counter. 

The chief problem in operating Geiger counters 
on ship board is that of the power supply for 
the counters. Practically all ships generate direct 
current at a voltage that is liable to fluctuate 
widely. In our case a d.c. to a.c. converter 
operating on about 65 volts had power supplied 
to it through a motor driven rheostat. The 
terminal voltage at the converter was balanced 
against 67} volts of dry cells. Through a relay 
system any unbalance was corrected by the 
motor driven rheostat. Since the a.c. output of 
the converter was at a constant load, the output 
voltage remained quite constant except perhaps - 
for short period fluctuations. The high potential 
on the counters remained constant to about 10 
volts. 


W. H. PICKERING 

Two complete triple coincidence sets were 
taken, and accordingly care had to be taken to 
prevent pickup between the sets. Complete 
shielding was necessary, but a filter circuit in the 
high tension supply to each set was later found 
to be unnecessary. Each counter together with 
its extinguishing tube was placed in a cage of 
brass screen, then connected to the amplifier 
and recorder by shielded cable. Both sets, 
together with the auxiliary equipment were 
operated in a small tent that could be set up on 
the top deck of the ship. 


EXPERIMENTAL PROCEDURE 


In order to measure the vertical intensity of 
the radiation the counters were arranged in a 
vertical plane with their axes horizontal and 
with a distance of 10 in. between the top and 
bottom counters. This means that the extreme 
limits of the solid angle from which rays could 
be counted were about 41X111°. However, 
because of the variation in sensitivity of a 
counter train most of the counts come from the 
region near the axis of the train, and in this 
case, with isotropic radiation, half the counts 
would be due to rays included in an angle of 
20X55°. In the actual case the angle will be 
somewhat further restricted. The counters were 
not suspended from gimbals; however, as good 
weather was experienced on all but two days of 
the voyage, the error hereby introduced is felt 
to be negligibly small. That this is indeed the 
case is shown by the fact that readings taken with 
the ship in port do not differ noticeably from 
the corresponding readings at sea. 

The showers were measured with the counters 
arranged as shown in Fig. 3. The lead plate 
above the counters was 1.6 cm thick and of an 
area sufficient to cover the two lower counters. 
With this arrangement it is clear that the rolling 
of the ship would exert even less effect than with 
the counters vertical 
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Fic. 2. Circuit to operate mechanical counter. 
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LATITUDE EFFECT FOR SHOWERS 


Vertical coincidences were observed at the 
rate of about 45 per minute, and showers at 
about 3.7 per minute, so that in a 24 hour run 
about 60,000 vertical coincidences and 5000 
showers were obtained. Once in each 24 hours 
the two sets would be interchanged so that each 
measured both showers and vertical rays. In 
this way a check was obtained on any change in 
sensitivity. A record was made of the ship’s 
position, the barometer, the temperature and 
the humidity. There is no apparent corelation 
between the results and either the temperature 
or the humidity. Barometer corrections were 
applied as given by Stevenson and Johnson.‘ 
Remarkably little change in the barometer 
occurred during the trip except for one storm, 
and hence the actual amount of the barometer 
correction is not critical. During the storm the 
corrected reading is too low, but this is probably 
due to the rolling of the ship and not to the use 
of the wrong correction. 


EXPERIMENTAL RESULTS 


Statistically it is to be expected that a probable 
error of less than 3} percent would be obtained 
in each day’s vertical run, and about 1 percent 
in each day’s shower run. Experimentally the 
consistency is not quite this good but neverthe- 
less it is very satisfactory. Another encouraging 
feature of the results is the fact that the readings 
taken at Honolulu on the return voyage are 
consistent with those taken at the same place 
on the outward voyage almost six months 
previously. The two sets did not give identical 
readings, one being about 3 percent higher than 
the other for both showers and vertical coinci- 
dences. The reason for this is presumably a 
difference in the efficiency of some of the coun- 
ters. Since this difference seemed to remain 
constant throughout the experiments it is a 
simple matter to correct for it. A check was 
made on the rate at which accidental coincidences 
were scored, and it was found that with the three 
counters in a horizontal plane and separated by 
several feet, both sets recorded about 0.06 counts 
per minute. As this is only about 0.13 percent 
of the counting rate for vertical coincidences, 


and about 1.6 percent of the counting rate for 


‘Stevenson and Johnson, Phys. Rev. 47, 578 (1935). 
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Fic. 3. Arrangement of counters to detect showers. 


showers, it is clear that the accidental coinci- 
dences may be safely neglected. 

The results for the vertical coincidences are 
plotted in Fig. 4, the ordinates being geomagnetic 
latitude. An examination of the curve shows 
very clearly that there is a latitude effect for 
the coincidences measured in this way, of about 
14.5 percent in the region of the Dutch East 
Indies, and about 9.5 percent in the Pacific 
Ocean. In Fig. 5 the results for the showers 
have been similarly plotted. Only the data for 
the voyage from San Francisco to Colombo are 
shown in this curve as the remaining data show 
too much scattering of the points to enable a 
satisfactory curve to be drawn. Fig. 5, however, 
indicates that the latitude effect for the showers 
in the region of the East Indies amounts to 
about 6 percent. There is also some indication 
that the “shelf” extends to a lower latitude than 
in the case of the vertical radiation. 


DISCUSSION OF RESULTS 


The curves of Fig. 4 show clearly the existence 
of both the latitude and longitude effects for 
the vertical rays. The two curves follow quite 
closely those obtained with electroscopes in the 
same regions.® This result is not in agreement 
with previous observers who all obtain latitude 
effects for the vertical rays somewhat larger 
than those reported with electroscopes.':*: ° 
Since the only apparent difference in the experi- 
mental conditions in this case is that a somewhat 
larger solid angle is subtended by the counters, 


it may be that this will account for the different 


5 Millikan and Neher, Phys. Rev. 47, 205 (1935). 
® Auger and LePrince Ringuet, J. de phys. et rad. 5, 
193 (1934). 
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Fic. 4, Relative intensities of vertical coincidences, 
taken with two different sets of counters, as a function of 
geomagnetic latitude for two different longitudes. 


results. Thus, for example, Johnson and Read! 
used an arrangement in which half the rays 
counted came from a solid angle of 12 23°. In 
our case, as stated above, the corresponding 
angle is about 20 55°. 

Considering now the data for the showers, 
Fig. 5, we first note that in agreement with 
previous experiments, the latitude effect for the 
showers is much less than that for the vertical 
rays. Neither Johnson nor Pickering claim much 
accuracy for their results but they report effects 
of 6 percent to 10 percent in South America, 
and about 6 percent in the Pacific, respectively. 
The new data show an effect that amounts to 
about 6 percent on the run to Colombo, although, 
because of the spread of the points at high 
latitudes, this result may be in error by a percent 
or two. However, there is no doubt that the 
effect is much less than the 14.5 percent observed 
for the vertical rays in the same region. Re- 
garding the greater spread of points found with 
the shower data, it is probable that the principal 
reason for this is statistical. Each point repre- 
sents less than a tenth as many counts as a 
point on the curve of vertical counts. 

With the experimental evidence thus in favor 
of a smaller latitude effect for the showers, we 
now consider the possible explanations of this 
result. In a sentence the effect can be described 
as follows: The latitude sensitive radiation is 
relatively less effective at producing showers at 
sea level than the nonlatitude sensitive radiation. 

Now it is known that most of the showers 
observed below a thin lead plate arise in the 
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Fic. 5. Relative intensities of showers, taken with two 
different sets of counters, as a function of geomagnetic 
latitude from San Francisco to Colombo. 


lead, and furthermore, in view of the Bethe- 
Heitler theory, there seems to be good reason to 
believe that electrons and photons falling on the 
top surface of the lead produce these showers. 
If this is the case then the theory at once allows 
us to conclude that such electrons and photons, 
in order to cause a shower beneath 1.6 cm of 
lead must have an energy of the order of 10° 
electron volts. Thus we can say that the coinci- 
dences registered with the counters in the 
shower position give us a measure of the number 
of electrons and photons present at sea level 
with energies greater than about 10° volts. 
These electrons and photons of course must be 
secondaries formed in the atmosphere. 

In the light of this discussion the experimental 
result that the showers show a smaller latitude 
effect than the vertical rays can be interpreted 
as meaning that the lower energy charged 
particles that get in at high latitudes are rela- 
tively unable to produce sea level secondaries 
with energy sufficiently high to register showers. 
A little consideration will show that such be- 
havior is to be expected for particles that obey 
the Bethe-Heitler-Oppenheimer theory. For, as 
a primary passes through the atmosphere its 
energy becomes divided among a continually 
increasing number of electrons and photons, and 
therefore the percentage of the primary energy 
held by the average secondary decreases as one 
goes to greater and greater depths. Hence, if 
the primary has too low an energy it is improb- 
able that any of its secondaries will reach the 
surface of the earth with an energy great enough 
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to cause a shower to register on the counters. 
Secondaries may be present to operate the verti- 
cal coincidences, but still no showers may be 
registered. Thus the lowest energy primaries 
will be inefficient at shower production even 
though they make their effects felt at sea level. 

Let us consider how our hypothesis agrees 
with experiment. Bowen, Millikan and Neher? 
find that the latitude sensitive radiation, even 
at sea level, is indeed due to incoming electrons 
which, at least approximately, obey the theory. 
Hence the small latitude effect for the showers 
is consistent with their interpretation of the 
nature of the latitude sensitive radiation. 
Another experiment is the variation of the 
relative numbers of showers and vertical coinci- 
dences with altitude. Woodward*® and others 
have found that in going to high altitudes the 
showers increase much more rapidly than the 
vertical coincidences and although at first sight 
this appears to contradict our assumption that 
the highest energy primaries are the most 
efficient shower producers, it is in fact in agree- 
ment with our hypothesis; for clearly, at high 
altitudes the increase in the energy of the 
average secondaries will cause a corresponding 
increase in the probability that the average 
secondary will cause a shower. Hence the ratio 
of the number of showers to the number of 
secondaries will increase with altitude. 

A further consequence of this theory is that 
since an incoming primary must possess a greater 
initial energy in order to produce a shower at 
sea level than in order to produce a vertical 
coincidence, the curve giving the variation of 
the showers with latitude must reach its constant 
value at a lower latitude than the corresponding 
curve for the vertical coincidences. Experi- 
mentally this is found to be the case. The 
“plateau”’ of the shower curve extends to about 
latitude 30° as compared with latitude 40° for 
the vertical coincidences. The energies which 
can just get in vertically at these latitudes are 
9.5 and 6 billion volts, respectively. Hence, in 
order to produce a shower at sea level, a primary 
particle must possess an initial energy about 


3.5X 10° volts greater than the energy required 


7 Bowen, Millikan and Neher, Phys. Rev. 52, 80 (1937). 
5 Woodward, Phys. Rev. 49, 711 (1936). 


to produce a vertical coincidence at sea level. 
It is perhaps worth pointing out that the 
conclusion reached by Heitler® in a recent paper 
—namely that the hard band is responsible for 
the sea level latitude effects, and that the 
smaller shower latitude effect is due to a smaller 
shower producing efficiency of the hard band at 
sea level—is not consistent with this last experi- 
mental fact. According to his hypothesis, if the 
hard band were responsible for both kinds of 
latitude effect, then the two curves should reach 
their constant values at the same latitude. Now 
although it is true that the spread of the points 
does not allow the shower curve to be drawn 
very accurately, we believe that there is good 
experimental evidence of an appreciable differ- 
ence in the latitudes at which the plateaux set 
in for the two cases. 

Although we have given what appears to be 
a reasonable explanation of the shower latitude 
effect, nevertheless this may not account for the 
whole of the observed effect. Suppose that 
there is a component of the nonlatitude sensitive 
radiation which is able to produce higher energy 
secondaries at sea level than the field sensitive 
electron primaries are able to do. Then, for this 
component, it is clear that the ratio of showers 
to vertical coincidences at sea level will be larger 
than the corresponding ratio for the electron 
component, and this again will lead to a smaller 
latitude effect for the showers than for the 
vertical rays. 

Accordingly we have two mechanisms for 
producing the smaller sea level latitude effect 
for the showers: 

(1) The requirement of a minimum energy 
for the electron or photon immediately re- 
sponsible for the shower. 

(2) The possibility that the nonlatitude sensi- 
tive radiation contains a component which 
is more shower producing at sea level than 
electrons. 

In the present state of our experimental knowl- 
edge it is not possible to evaluate the relative 
contributions of these two processes to the 
observed latitude effect. 

The conclusion we draw then from the experi- 


* Heitler, Proc. Roy. Soc. 161, 261 (1937). 
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mental fact that the showers show a smaller 
latitude effect than the total radiation at sea 
level is that the latitude sensitive part of the 
radiation is much less effective in producing 
showers at sea level than the nonlatitude 
sensitive part. This behavior we have shown 
can be accounted for, at least in part, by as- 
suming that the latitude sensitive component, 
which consists of incoming electrons, has de- 
graded to such an extent by the time it has 
reached sea level as to be relatively ineffective 
in producing showers. The major part of the 
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sea-level showers are therefore due to the 
nonlatitude sensitive radiation. 
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Radioactive silver, Ag’, has been produced by fast neutron bombardment of Cd"? and 
In", A half-life period of 3.2 hours is observed with the upper limit of the electron beta-ray 
spectrum at 2.2 Mev. Gamma-rays are also emitted, the number per beta-ray is about four. 
The radioactive silver isomer, Ag™, produced by fast neutron bombardment of Ag"’, has a 
positron beta-ray spectrum upper limit of 1.9 Mev and an electron beta-ray spectrum upper 
limit of 1.3 Mev. The half-life periods are respectively 24.5 min. and 8.2 days. The former emits 
no gamma-rays other than the annihilation radiation. The latter emits a complex gamma-ray 
spectrum. The number of gamma-rays per beta-ray is about 35. Nuclear K electron capture 
is offered to explain this anomalously high gamma to beta ratio. A total of twenty nuclear re- 
actions all leading to the production of radioactive silver have been observed. 


INTRODUCTION 


HE work with fast neutron bombardment of 

silver has been continued and the evidence 

that Ag!®® is isomeric,' yielding two radioactive 

periods, has been augmented with beta- and 

gamma-ray measurements. In addition a new 

period in silver has been found which can be 
obtained only from cadmium or indium. 

There are now a total of six radioactive periods 
in silver. The finding of the four new periods was 
made possible by the availability of strong beams 
of high energy bombarding particles. The two 
well-known periods in silver, 2.3 min. and 22 
sec., were found by Fermi? nearly four years ago. 

* Now at Ohio State University. 


! Pool, Cork and Thornton, Phys. Rev. 52, 380 (1937). 
? Fermi, Ricerca Scient. 5, 330 (1934). 


He used neutrons from a Ra-Be source and found 
that slow neutrons were particularly effective in 
producing the radioactivity. 

In this paper it will be pointed out that very 
fast neutrons, with energies ranging up to 20 
Mev, are very effective in producing certain 
other radioactive periods in silver. However, for 
the purpose of identification of the radioactive 
products a routine survey was made with alpha- 
particles, deuterons, gamma-rays, slow and fast 
neutrons as bombarding particles on rhodium, 
palladium, silver, cadmium and indium. In each 
case the silver precipitate from the chemical 
separation was measured for radioactivity. As a 
result, a total of twenty nuclear reactions leading 
to radioactive silver have been observed. 


ind 
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APPARATUS 


Protons, deuterons and alpha-particles of 
energies of about 3.2, 6.3 and 12 Mev, respec- 
tively, were produced by the cyclotron. The 
respective currents were about 4, 8 and 0.15 
microamperes. The fast neutrons from the 
Li+H? reaction were obtained by deuteron 
bombardment of lithium metal fastened securely 
to a water-cooled copper plate. The 17 Mev 
gamma-rays were obtained by bombarding 
metallic lithium with protons. The intensities of 
the radioactive products were measured with a 
Wulf string electrometer equipped with an 
ionization chamber filled with difluorodichloro- 
methane (‘‘Freon’’) to a pressure of about forty 
pounds. The energy of the beta-rays and Comp- 
ton recoil electrons were measured with a six-inch 
diameter Wilson cloud chamber filled with 
hydrogen and placed in a magnetic field. 


Tue 3.2-Hour PeErRiop, 


Cadmium and indium in the metallic form 
were both bombarded with the high energy 
neutrons from the Li+H? reaction. The length 
of bombardment has been in some cases as long 
as four hours. At the termination of the bombard- 
ment the cadmium was dissolved in dilute nitric 
acid to which was added a small amount of pal- 
ladium and silver. Hydrochloric acid was then 
added to bring down silver chloride. After coagu- 
lation, decantation and filtration the precipitate 
was dissolved in ammonium hydroxide and the 
silver chloride brought down again as before. 
The bombarded indium was treated in the same 
manner except a small quantity of cadmium and 
silver were added instead of palladium and silver. 

The rate of decay of the active silver separa- 
tion from the irradiated indium is shown in Fig. 
1. From irradiated cadmium the silver separation 
showed, in addition to the 3.2-hour period, the 
presence of a much longer period of about 7.5 
days. This period has been attributed to Ag"! 
by Kraus and Cork; they obtained the activity 
by bombarding palladium with deuterons.’ Fast 
neutron bombardment of indium produces a 
very strong two month period in the indium 


chemical separation.* However, in the chemical 


* Kraus and Cork, Phys. Rev. 52, 763 (1937). 
* Pool, Cork and Thornton, Phys. Rev. 52, 239 (1937). 


RADIO SILVER , AG 


ACTiviTY 


HOURS AFTER ACTIVATION 


Fic. 1. Decay of Ag™ produced by fast neutron bombard- 
ment of indium. Period 3.2 +0.2 hours. 


separation for silver, this strong long period was 
entirely absent and the 3.2-hour period appeared 
as in Fig. 1. The activity scale is arbitrary, but 
in order to give some idea of the order of mag- 
nitude of the intensity of the radioactivity, the 
scale was adjusted to read roughly in microcuries. 
The background was about 0.02 microcuries. 
Other observers have detected the presence 
of a three to four hour period when indium was 
irradiated with neutrons. Amaldi ef al. reported 
a weak long period of about three hours when 
indium was irradiated with Ra-Be neutrons.’ A 
chemical check indicated the activity to be in 
indium. Szilard and Chalmers also using Ra-Be 
neutrons found a 3.5-hour period which was not 
water sensitive, but the intensity was too small 
to check chemically. Bothe and Gentner were 
unable to obtain any period in the neighborhood 
of three hours by gamma-ray bombardment of 
indium.’ Recently Lawson and Cork*® have 
attributed a 4.1-hour period in indium to In'. 
Amaldi et al. found cadmium inactive when 
irradiated with Ra-Be neutrons. With deuteron 
bombardment of cadmium Cork and Thornton 
found a 4.3-hour period in the cadmium chemical 


separation but no activity in the silver separa- 


5’ Amaldi, D'Agostino, Fermi, Pontecorvo, Rasetti and 
Segré, Proc. Roy. Soc. 149, 522 (1935). 

6 Szilard and Chalmers, Nature 135, 98 (1935). 

7 Bothe and Gentner, Zeits. f. Physik 106, 236 (1937). 

8 Lawson and Cork, Phys. Rev. 52, 531 (1937). 
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Fic. 2. Beta-ray spectrum of Ag™*. By inspection the upper limit is 8800 Hp (2.18 Mev). 


tion.* Mitchell has verified the presence of a 
4.3-hour period when cadmium is bombarded 
with slow neutrons; no chemistry was carried 
out. Heyn has observed a 3.3-hour period when 
cadmium is bombarded with high energy 
neutrons; again no chemistry was performed.'® 

Extended bombardment of palladium and 
silver by alpha-particles and by deuterons has 
failed to produce this 3.2-hour period. Since this 
period can be obtained only from indium and 
cadmium, it seems most probable that silver, 
Ag", is the carrier of the activity and the reac- 
tion equations are as follows: 


Gamma-rays 

In order to identify the presence of gamma- 
rays a piece of aluminum 3” or more in thickness 
was placed between the radioactive sample and 
the ionization chamber. The beta-rays were 
stopped while the gamma-rays passed through 
into the ionization chamber. The activity of the 
(8+ ~)-rays divided by the activity of the 
gamma-rays alone was about 16. In order to 
interpret this value the ionization chamber was 
calibrated against radioactive nitrogen N"™ as 


® Cork and Thornton, Phys. Rev. 51, 608 (1937). 
10 Heyn, Nature 139, 842 (1937). 


formed from C" by deuteron bombardment. It 
is known that in this case two gamma-rays are 
emitted for each beta-ray emitted."' The cali- 
bration ratio was about 34 for similar geometrical 
conditions. The interpretation is, then, that 
Ag'” emits about 4 gamma-rays for each beta- 
ray. 


Beta-rays 

The radius of curvature of 421 beta-ray tracks 
were measured in a magnetic field of 372 oersteds, 
and the results are shown in Fig. 2. By inspection 
the upper limit of the beta-ray spectrum is 8800 
Hp which corresponds to an energy of 2.2 Mev. 
This value of the energy together with the decay 
constant gives, on a Sargent plot, a point which 
falls on the second Sargent curve. The interpre- 
tation is that 4;Ag'?—4sCd'"+_,e° is a singly 
forbidden process. 


THE 24.5-MIN. PERIOD, 


A 24-min. period was found by Bothe and 
Gentner when they bombarded silver by gamma- 
rays from the Li+H! reaction.'"? No chemical 
separations were made and the sign of the beta- 
particle was not reported. However, it appeared 
that the activity was probably due to Ag’. 


1 McMillan, Phys. Rev. 46, 868 (1934). 
® Bothe and Gentner, Naturwiss. 25, 126 (1937). 
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Heyn shortly verified this period by bombarding 
silver with fast neutrons.'® A 26-min. period in 
the silver separation from deuteron bombarded 
palladium was observed by Kraus and Cork." 
The 24-min. period could also be obtained by 
bombarding silver with Ra-Be neutrons, and the 
intensity was great enough to show that chemi- 
cally the activity was in silver." 

With the aid of the cyclotron much stronger 
radioactive sources could be prepared; the sign 
of the ejected particle was then found to be 
positive which definitely placed the activity 
with Ag'’*®. For the purpose of verifying the 
identification Rh was bombarded with 12 Mev 
alpha-particles and cadmium was bombarded 
with fast neutrons. In each case the 24.5-min. 
period appeared faintly. 

To get a strong sample of radiosilver, Ag!*, 
fast neutron bombardment of stable silver proves 
to be by far the best method. The next best 
method is by deuteron bombardment of pal- 


18 Kraus and Cork, Phys. Rev. 51, 382 (1937). 


4 Reddeman and Strassmann, Naturwiss. 25, 458 (1937). 
1 Pool, Cork and Thornton, Phys. Rev. 51, 890 (1937). 


ladium. 17 Mev gamma-ray bombardment gave 
a very feeble activity. Apparently, high energy 
proton bombardment of lithium does not enhance 
the emission of the 17 Mev gamma-rays from the 
Li+H! reaction as the high energy deuteron 
bombardment does the yield of neutrons from 
the Li+H? reaction. 


Beta- and gamma-rays 

Figure 3 shows the decay curve of a sample of 
silver bombarded for 22-min. with fast neutrons. 
The (8+/y),y ratio is about 32. This value is 
sufficiently close to the calibration value 34, to 
indicate that no gamma-rays are emitted by this 
period in excess of the annihilation radiation due 
to the presence of the positrons. Fig. 4 shows the 
positron beta-ray histogram made from 814 
tracks. By inspection the upper limit of the beta- 
ray spectrum is 7750 /7p which corresponds to 
1.9 Mev. This value and the decay constant gives 
a point which falls on the first Sargent curve. The 
interpretation is that s;Ag!®®—>4¢Pd'°®+,,€° is an 
allowed transition. 
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Fic. 4. Beta-ray spectrum of 24.5-min. Ag!®, By inspection the upper limit is 7750 Hp (1.86 Mev). 


THE 8.2-Day PERIop, AG!" 


As may be seen in Fig. 3 there is, in addition 
to the 24.5-min. activity, an indication of a much 
longer period. This long period activity is 
produced with considerable intensity only by 
fast neutron bombardment of silver. All other 
methods, including alpha-particle bombardment 
of rhodium, deuteron bombardment of palladium 
and fast neutron bombardment of cadmium, 
produce this period in the silver separation very 
feebly. Fast neutron bombardment of indium, 
slow neutron bombardment of silver, and 
deuteron bombardment of silver definitely fails 
to produce the activity. As has been pointed! out, 
this activity which is in the silver chemical 
separation is also attributed to Ag!”*®. 


Beta-rays 

In Fig. 5 is shown the decay curve for two 
silver samples, one of which was bombarded six 
hours with fast neutrons. Fig. 6 shows the elec- 
tron beta-ray histogram made from 447 tracks. 
By inspection the upper limit of the beta-ray 


spectrum is 5800 /7p which corresponds to an 
energy of 1.3 Mev. 


Gamma-rays 

As is seen in Fig. 5 the (8+ y)/y ratio is 1.37 
for one silver sample and 1.62 for the other. 
This low ratio, which signifies a large number of 
gamma-rays per beta-ray, is quite remarkable 
because in a survey of the elements for radio- 
activity induced by fast neutron bombardment* 
no other induced activity had a ratio anywhere 
in the neighborhood of this value. Since the 
beta-rays are very strongly absorbed in silver 
metal, the (8+~y)/y ratio was observed for 
various thicknesses of silver and the value of 
the ratio for zero thickness of sample was ob- 
tained by extrapolation. This value is 2.9 and 
means that for each beta-particle emitted about 
35 gamma-rays are emitted. 

Figure 7 shows the gamma-ray spectrum as 
measured by means of Compton recoil electrons 
from a strip of mica. In accordance with the 
method outlined by Richardson and Kurie a 
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Fic. 5. Decay of Ag'®* produced by fast neutron bombardment of silver. Period 8.2 +0.3 days. 


mica strip was placed across the cloud chamber.'® 
Preliminary observations indicated that the 
gamma-rays were complex; consequently, a 20 
mg/cm? strip was used instead of a thicker one 
because as good a resolution as possible was 
desired. In order to satisfy the requirements in 
the above reference in regard to the selection of 
recoil electron tracks only one track in about 
150 pictures was good enough to measure. To 
satisfactorily measure the gamma-ray spectrum 
of this 8.2 day silver activity a very much 
stronger radioactive source is desired. Neverthe- 
less, a spectrum line at about 0.95 Mev is evident. 
Spectra lines at about 0.68 and 0.28 Mev are also 
apparently present. The intensity of the 0.95 
Mev line is about 1/15 the intensity of the two 
longer wave-length radiations. 


K electron capture 


If a nucleus Z emits a beta-ray and becomes a 
nucleus Z+1 in an excited state a gamma-ray 
may then be emitted leaving the nucleus Z+1 
in the ground state. If there are two or more 
excited states above the ground state of the 
nucleus Z+1, a correspondingly larger number 


16 Richardson and Kurie, Phys. Rev. 50, 999 (1936). 


of gamma-rays per beta-ray could be emitted. 
However, in the case of Ag'®® it is difficult to 
expect 35 such excited states in order to account 
for the observed gamma-rays. 

Consequently, a totally different process may 
be responsible for the gamma-rays, such as 
nuclear K electron capture. According to the 
Fermi theory for the emission of beta-particles 
a nucleus can, instead of emitting a positron, 
absorb an electron from the K shell of the atom. 
The K radiation of the element formed might 
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Fic. 7. Gamma-ray spectrum of 8.2-day Ag!®*, 


then be observed. Jacobsen,'’ searched without 
success for the K radiation from the positron 
emitting nucleus Sc*. Alvarez,'® however, has 
recently observed the K radiation from the 
positron emitting nucleus V“. 

The nuclear capture of the orbital K electron 
might be detected by another method. If the 
nucleus, which captures the K electron, is left in 


17 Jacobsen, Nature 139, 879 (1937). 


18 Alvarez, Phys. Rev. 52, 134 (1937). 


POOL 


an excited state, gamma-rays could be emitted. 
It seems plausible that in the case of the 8.2-day 
period of Ag!®® the very large 7/8 ratio is due to 
this process. That is, Ag'®* may either emit an 
electron and become Cd! or absorb an orbital 
electron and become Pd'® in an excited state 
which immediately emits a gamma-ray. Pre- 
liminary calculations on silver in accordance 
with the method of Mdller show that such a 
process is quite possible." 
Branching ratio 

When the length of time of the bombardment, 
the half-lives of the radioactive substances 
formed and the initial intensities are taken into 
consideration, the branching ratio of the two 
members of the Ag!®* isomer may be calculated. 
From three bombarded samples a mean deter- 
mination indicated that about 20 times as many 
of 8.2-day Ag!®* nuclei were formed as of the 
24.5-min. Ag!®* nuclei. A priori there is no 
reason to believe that each nucleus of an iso- 
meric pair should be formed in equal numbers 
during a m—2n reaction. 


OTHER PERIODS 


The 7.5-day period in silver, attributed to 
Ag", and mentioned above in connection with 


19 Moller, Physik. Zeits. Sowjetunion 11, 9 (1937). 
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fast neutron bombardment of cadmium, is best 
formed by deuteron bombardment of pal- 
ladium. Since a very small amount of the 8.2-day 
silver is also formed by the deuteron bombard- 
ment, it is necessary to bombard palladium with 
alpha-particles in order to get a pure 7.5-day 
activity. No gamma-rays are observed from 
this electron emitting substance. A four-hour 
bombardment with 0.154A of 12 Mev alpha- 
particles on palladium placed inside the cyclotron 
tank gave a satisfactory activity. 

The two short periods in silver obtained 
readily by slow neutron bombardment of silver, 
were also obtained by fast neutron bombardment 
of cadmium. 


SUMMARY OF REACTIONS 


Figure 8 shows a portion of the periodic table 
in the neighborhood of silver. The radioactive 
nuclei are shown and the arrows indicate how 
these nuclei may be formed. The reactions which 
were particularly studied in this report and which 
go strongly with fast neutron bombardment are 
indicated by heavy arrows. The dotted arrows 
represent reactions that were observed but not 
checked carefully. The twenty reactions which 
have been observed to produce radioactivity in 
silver are shown in Table I. 
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+ + on! (electrons) 
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The Radiations Emitted from Artificially Produced Radioactive Substances 


IV. Further Studies on the Gamma-Rays from Several Elements 


J. REGINALD RICHARDSON* 
Radiation Laboratory, Department of Physics, University of California, Berkeley, California 
(Received November 24, 1937) 


Further studies on the gamma-radiation from V*, N“, Cu, Mg??, and Na™ have been 
carried out using a large hydrogen-filled cloud chamber and with several improvements in 
technique. The most striking feature of the spectra, is the presence of a large amount of 1 Mev 
radiation from V‘*. Comparison with the ordinary annihilation radiation indicates that there 
are four 1 Mev quanta emitted per positron. The possible origin of this radiation is discussed. 
A difference in the gamma-radiation emitted from N® and Cu® is noted, the latter having a 
more pronounced high energy tail. A small number of tracks from Mg?’ have been measured 
and indicate a moncchromatic line at 0.88+0.05 Mev. The radiation from Na*™ has been 
re-examined. The results indicate that the quantum energy of the high energy line is 3.00+0.05 
Mev. The two other lines with energies of 2 Mev and 1 Mev are confirmed. 


INTRODUCTION 


N a previous investigation! of the gamma- 
radiation emitted by the positron radioactive 
N®, it was found that in addition to the line 
ascribable to the two quantum annihilation 
radiation, there was a small amount of more 
energetic radiation. This latter was provisionally 
identified as the radiation produced when a 
positron is annihilated while in motion. 

In order to investigate this question further, it 
was thought desirable (because of experimental 
convenience) to use a positron emitter of longer 
half-life. A radioactive isotope of vanadium 
formed from titanium by deuteron bombardment 
has been investigated by H. Walke? and seemed 
to offer the desired properties. Provisionally 
assigned to V*%, the positron activity has a half- 
life of sixteen days. Although, upon examination, 
the gamma-radiation was found to be unsuitable 
for the original purpose, it exhibited several 
interesting features, which it is the main purpose 
of this paper to report. 


APPARATUS 


The author is indebted to Dr. H. C. Paxton 
and Dr. F. N. D. Kurie for permission to adapt a 
large cloud chamber which they have recently 


* Now National Research Fellow at the University of 
Michigan. 

1j. 3 Richardson and F. N. D. Kurie, Phys. Rev. 50, 
999 (1936). 

2H. Walke, Phys. Rev. 52, 777 (1937). 


designed and built, to the measurement of 
gamma-radiation. There are two principal im- 
provements in the new chamber over the one 
previously used in this work.*:! The diameter 
has been increased from seven to twelve inches, 
thus enabling more accurate measurement of the 
curvature of electron tracks, as they are curved 
in the magnetic field traversing the cloud 
chamber. Secondly, enough copper has been 
used in the coils supplying the magnetic field so 
that current can be run through them con- 
tinuously (instead of being turned on just before 
the expansion, as before). This eliminates the 
error due to fluctuations in the magnetic field 
caused by changes in contactor resistance, 
variation of heating speed of the coils with time, 
etc. The difficulty of reading the ballistic swing 
of the ammeter needle is also eliminated. 

The cloud chamber was filled with hydrogen to 
a pressure of about 100 cm Hg. The radiator 
(from which the Compton electrons were ejected 
by the gamma-radiation) had a surface density 
of 40 mg/cm*, and was made of wood coated 
with paraffin and lamp black. There is some 
improvement in nuclear scattering in carbon 
over the mica which was used previously, but 
this is important only at low energies. The 
illumination coming as it did from four lights 
arranged around the chamber, made it un- 
necessary that the radiator be transparent. The 


*Kurie, Richardson and Paxton, Phys. Rev. 49, 368 
(1936). 
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lights were ordinary 500-watt clear lamps flashed 
on 220 volts d.c. The gamma-ray source was 
placed at one end of a lead collimator, 15 cm 
outside the chamber wall, arranged in such a 
way that the source could not see the floor or 
roof of the chamber. This greatly reduced the 
chance of Comipton electrons being ejected from 
the floor or roof and appearing to come from 
the radiator. 

The criteria used for the selection of tracks 
were the same as those developed in work 
previously reported,' except that a greater 
length of track was required (15 cm). Because of 
the increased distance between the radiator and 
the wall of the cloud chamber, it was found that 
by far the majority of the tracks originating in 
the wall were bent around by the magnetic 
field before reaching the radiator. This enabled 
one to say with greater certainty whether or not 
a track originated in the radiator. This question 
is also not complicated nearly as much by the 
presence of turbulence near the radiator, in a 
large cloud chamber. 


RESULTS 
Positron emitters: N', V**, Cu® 


The principal source of the sixteen day 
vanadium activity was prepared as follows: a 
sample of titanium metal was bombarded in the 
cyclotron with 5.5 Mev deuterons for 150 micro- 
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Fic. 1. The momentum distribution of the Compton 
electrons projected by the gamma-radiation from V“*. 
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Fic. 2. Distribution curve of the recoil electrons pro- 
duced by the radiation emitted when the positrons of 
radio-nitrogen are annihilated in carbon. 


ampere hours. This was allowed to decay for 
five days before pictures were taken (in order to 
allow time for the fifteen hour sodium activity 
to die out). Then it was estimated that the 
gamma-ray strength of the source was about 0.5 
millicuries. The source was arranged so that the 
positrons form the V** were stopped either in 
the titanium sample itself or in an adjoining 
layer of carbon. Altogether, 2700 pictures were 
taken, using several sources of radio vanadium, 
from which 1050 measurable tracks were ob- 
tained. 

The momentum distribution of these Compton 
recoil electrons is shown in Fig. 1. It is to be 
observed that there are two main groups, of 
which the lower corresponds to a gamma-ray 
energy of 0.53 Mev (2400 Hp upper limit of 
Comptons) and the upper to a gamma-ray 
energy of 1.05 Mev (4250 Hp). The lower group 
is undoubtedly due to the radiation emitted 
when a positron is annihilated at rest in free 
space, resulting in two quanta of 0.51 Mev each. 
All the positrons were stopped in the immediate 
neighborhood of the source (by a carbon ab- 
sorber) so that one can use the number of 0.5 
Mev quanta as a measure of the number of 
positrons. The ratio of the number of quanta in 
the two lines (assuming that they are both mono- 
chromatic) can be obtained from the data as in 
paper ITI, Section 3 of this series.' Thus it turns 
out that the ratio of the number of quanta of 
the 1 Mev radiation to the number of quanta 
of the 0.5 Mev radiation is 1.9 to 1. Assuming 
that the latter is the ordinary “two quanta”’ 
annihilation radiation, one sees that there must 
be 3.8 quanta of the 1 Mev radiation emitted per 
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positron. The momentum distribution of the 
electrons due to this more energetic radiation 
seems to indicate a monochromatic line. By this 
statement, it is meant that two components 
could be quite clearly resolved if they were of 
about equal intensity and differed in energy by 
120 kv, or more. 

The measurements on N"™ were repeated with 
the new cloud chamber in order to compare with 
the V*%. The results are shown in Fig. 2, which 
gives the momentum distribution of the Compton 
recoil electrons ejected from the same radiator 
as that used for the V**. The single line due to 
the two quanta radiation produced when a 
positron is annihilated at rest, is clearly ob- 
served; and in addition there is a small tail 
ascribable to the radiation produced when a 
positron is annihilated while in motion. 

The gamma-radiation from the 12.8 hour 
activity of Cu®™ was also investigated under the 
same conditions. Van Voorhis‘ found that this 
activity was due to a branch reaction in which 
both positrons and electrons were emitted, their 
numbers being in the ratio of two to three. 
Results from the measurement of the gamma- 
radiation from this activity are shown in Fig. 3. 
It is apparent that the major part of the radiation 
consists of the ordinary two quanta annihilation 
radiation. However, the high energy tail here is 
much more pronounced than in the case of N™ 
(Fig. 2). This difference is probably real but one 
cannot as yet explain it with certainty. It is 
possible that there is a nuclear gamma-ray of 
about 700 kv energy, associated with the positron 
transition (or less probably, with the electron 
transition). On the other hand, the difference 
may be due to the higher atomic number of the 
copper. Theoretically,’ the probability of a 
positron’s being annihilated while in motion in 
copper should be very slightly larger than that 
in carbon. However, the possibility that both 
effects are contamination, although very un- 
likely, cannot be entirely ruled out as yet. In the 
case of V‘*8, the tail, although possibly present, is 
perhaps obscured by the large amount of 1 Mev 
radiation emitted. 

It is apparent that there are several possible 
explanations of the strong 1 Mev line in V*. 


4S. N. Van Voorhis, Phys. Rev. 50, 895 (1936). 


*H. A. Bethe, Proc. Roy. Soc. A150, 129 (1935). 
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Fic. 3. Momentum distribution curve of the electrons 
projected by the gamma-radiation emitted by Cu. 


If the K radiation observed by Alvarez* from 
this activity corresponds to the same transition 
as the positron emission, one must take into 
account the probability of K electron capture 
when computing the number of gamma quanta 
per transition. With his estimate of one K 
quantum emitted per positron, it is seen that 
there are two quanta of energy 1 Mev each 
emitted per transition. This would require two 
excited levels in the Ti** nucleus, one at 1.05 Mev 
above ground and the other at 2.1 Mev above 
ground. Transitions from the radioactive V** to 
the ground level of Ti*’, except in cascade, 
would seem to be practically forbidden, experi- 
mentally. There is no evidence of complexity in 
the beta-spectrum. It is possible, of course, that 
Alvarez’s estimate is too low, for the number of 
K quanta per positron. 

Another possibility that cannot be ignored is 
that the gamma-radiation corresponds exclu- 
sively to a separate transition initiated by K 
electron capture. In other words, the capture of 
a K electron by the V* results in an excited 
state of the Ti‘* nucleus which cannot be 
reached by (or is practically forbidden to) 
positron emission. This is followed by a transition 
to the ground state of the Ti** in which one or 
more gamma quanta of 1.05 Mev energy are 
emitted. This possibility would explain why 
Jacobsen’ failed to find any evidence of K 
radiation from Sc*, but it also throws doubt upon 
the use of the determination of the ratio of K 
electron capture to positron emission (in the case 
of V**) in trying to differentiate between the 


®L. W. Alvarez, Phys. Rev. 52, 134 (1937). 
7J. C. Jacobsen, Nature 139, 879 (1937). 
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Konopinski-Uhlenbeck modification and the 
original Fermi theory of beta-emission. 

The agreement between the energy of the 
gamma-ray (1.05 Mev) with the energy to be 
expected from the annihilation of a positron in 
the field of the nucleus (1.02 Mev), or with the 
energy of the upper limit of the beta-spectrum 
(1.05 Mev) is probably coincidental. Theoreti- 
cally the energy available from these sources 
when a K electron is captured should not be 
given off as gamma-radiation. 

Probably more light can be thrown on the 
questions here involved by further investigation 
of the gamma-radiation given off by positron 
emitters. 


Electron emitters: Mg’’, Na** 


Since a strong source of gamma-radiation may 
be made by bombarding magnesium with 
deuterons,® it was thought desirable to investi- 
gate the energy of the radiation in case it should 
prove useful in other research. Only a small 
number of tracks were measured (120), but 
these were sufficient to indicate definitely a 
radiation at 0.88+0.05 Mev, monochromatic to 
100 kv. This corresponds to an excited level of 
the Al*’? nucleus formed by electron emission 
from Meg’, the latter having a half-life of 10.2 
minutes. It is interesting to note here that an 
excited level of Al’? at about 1 Mev was indicated 


® M. C. Henderson, Phys. Rev. 48, 855 (1935). 


by the proton groups from the reaction :° 
Mg**+ 


Further work on the gamma-radiation from 
Na™ has been done with improved technique, 
including a more precise extrapolation from the 
accurately known gamma-ray line of Th C’’. 
The resulting momentum distribution of the re- 
coil electrons is very similar to that given 
previously,' with the high energy line corre- 
sponding to a quantum energy of 3.00+0.05 
Mev. The energy of the two other lines (less 
accurately determinable) appears to be 2.04 Mev 
and 1.01 Mev. The value for the high energy 
line agrees very well with that obtained by 
Richardson and Emo from the photodisintegra- 
tion of the deuteron'® (after their result is cor- 
rected, using the new proton range energy curve 
of Parkinson, Herb, Bellamy and Hudson"). 

The author takes pleasure in acknowledging 
many helpful discussions with Professor E. O. 
Lawrence and Professor J. R. Oppenheimer. 
The friendly cooperation of the staff of the 
Radiation Laboratory is also gratefully acknowl- 
edged, in particular that of Dr. F. N. D. Kurie. 
The research was made possible by grants from 
the Chemical Foundation, the Research Corpora- 
tion, and the Josiah Macy, Jr., Foundation. 


®Duncanson and Miller, Proc. Roy. Soc. 146, 396 
(1934); Haxel, Physik. Zeits. 36, 804 (1935). 
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1 Parkinson, Herb, Bellamy and Hudson, Phys. Rev. 
52, 75 (1937). 
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127 

‘om 
‘ion 
nto 
inta 
hat | 
ach 
two 
lev 
ove 
to 
ide, 
eri- 
y in 
hat 
r of 
Ang 
clu- 
e of 
ited 

to) 
tion 
e or 
are | 
why 
pon 
f K 
case 

the 


JANUARY 15, 1938 


PHYSICAL REVIEW 


VOLUME 53 


Experiments with a Condenser Discharge X-Ray Tube 


K. H. KinGpon anp H. E. Tanis, Jr. 
Research Laboratory, General Electric Company, Schenectady, N. Y. 


(Received December 1, 1937) 


A condenser discharge x-ray tube is described from which it is possible to obtain a repro- 
ducible x-ray dose of 3.5 roentgens in about 5X 10~ sec. The current through the tube was of 
the order several hundred amperes. The effects of these high intensity x-ray pulses have been 
compared with the effects of x-rays of ordinary intensity from a Coolidge tube operated at a 
current of about 1 ma. The ordinary small chamber dosimeter was found to have a large 
recombination error for the high intensity pulses. The Bunsen-Roscoe reciprocity law was 
found to hold for the blackening of photographic plates, and for the coloration of crystals, by 
the high intensity pulses. Biological effects produced by the high intensity pulses in drosophila 
eggs, in the spores of aspergillus niger, and in wheat seedlings were found to be approximately 
the same as those produced by equal doses of x-rays of ordinary intensity. 


NDER certain conditions the discharge of a 
condenser between two electrodes in a 
moderately good vacuum gives appreciable x-ray 
emission. We have endeavored to obtain this 
phenomenon in a reproducible manner, and to 
make some experiments with the high intensity 
x-rays produced. 


DESCRIPTION OF TUBE 


The tube and circuit used in most of the work 
are shown in Fig. 1. A mercury pool was used 
ordinarily as cathode of the tube for the following 
reasons: (1) Running a low voltage arc (80 amp.) 
in mercury vapor provides an easy way of out- 
gassing the anode. (2) No wall deposits are 
formed by evaporation of cathode material. (3) 
The pressure in the tube, and thus the peak 
discharge currents, may be controlled easily by 
varying the temperature of the mercury pool. 
In one experiment a cathode of tin was used 
instead of mercury; satisfactory x-ray emission 
was also obtained with this tube. The anode was 
always a tungsten disk, usually 4.5 cm in di- 
ameter. It was mounted with the center of its 
face about 7 cm from the surface of the pool, and 
somewhat out of line with the pool, so as to get 
as much current as possible to the face of the 
target. The anode was welded to a molybdenum 
support rod 3 mm in diameter. 


DESCRIPTION OF CIRCUIT 


The high voltage condenser was _ usually 
0.025uf, and could be charged to any desired 


voltage up to 140 kv. This voltage appeared 
across the spark gap shown, and when the gap 
broke down, part of the voltage was applied to 
the external starting band mounted close to the 
cathode surface. Without this starting band most 
of the tubes would not fire readily. Other 
methods of firing the tube were also tried, and 
the x-ray emission was found to be independent 
of the starting method. The main discharge 
current passed through the tube, only a negligible 
fraction going through the starting potentiometer. 
The loudness of the spark gave a rough idea of 
the magnitude of the discharge current. 


CONDITIONS FOR SATISFACTORY X-Ray 
EMISSION 


The x-ray emission occurs in the interval 
between the start of the discharge, and the 
change to a low voltage arc. Under suitable con- 
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Fic. 1. Mercury pool x-ray tube and circuit. 
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ditions practically all the energy of the con- 
denser can be used for x-ray emission, and none 
wasted in a low voltage arc. To secure this result 
the anode must be well outgassed. If the anode 
is gassy the electron bombardment is apparently 
able to produce positive ions at the anode, which 
are drawn rapidly to the cathode and eliminate 
space charge throughout the entire discharge 
path, so that very large electron currents can 
flow. Similar effects are produced by the presence 
of an easily vaporizable metal in the anode 
structure, or by close proximity of glass to parts 
of the anode. For such large and sudden currents 
an appreciable part of the voltage drop occurs in 
the inductance of the condenser leads, so that the 
x-ray emission is decreased. 

There is also a limit to the capacity and voltage 
of the condenser which can be used satisfactorily. 
This limit is determined by two considerations. 
First, if it is attempted to pass too large a quan- 
tity of electricity through the tube in one “‘shot,”’ 
the discharge will have time to change over to a 
low voltage arc, with a resulting decrease in the 
efficiency of x-ray production. Second, in these 
discharges energy is delivered to the surface of 
the anode at a tremendous rate, and if this is 
continued too long in one shot the surface 
of the anode is vaporized rapidly. Pin-hole 
camera pictures have shown that the discharge 
is usually distributed uniformly over the surface 
of the anode, so that the second restriction can 
be removed to some extent by increasing the 
size of the anode. Using a 0.025yuf condenser 
charged to 105 kv, and a 4.5 cm diameter tung- 
sten anode, we have passed many thousands of 
discharges through these tubes without any 
apparent vaporization of the anode, or any 
visible change in the tube except discoloration 
of the glass by x-rays and cathode rays (which 
can be removed by heating). On the other hand, 
the use of a 0.05uf condenser under conditions 
otherwise the same, gave appreciable vaporization 
of the anode in a few hundred shots. 

The cleanliness of the cathode pool is appar- 
ently unimportant in determining the x-ray 
emission. 


MEASUREMENT OF X-Ray OuTPUT 


The earlier measurements were made with a 
Leybold fiber electrometer and ionization cham- 


ber (34.5 cm) placed 70 cm from the target. 
Later measurements were made with a standard 
Victoreen dosimeter. 


Errect OF MERCURY TEMPERATURE ON 
PEAK CURRENT AND X-Ray Output 


The peak currents were measured by putting 
a wire resistance (5.4 ohms) in series with the 
tube, and measuring the peak voltage drop 
across this resistance with a spark gap exposed 
to the light of the main spark. The arrangement 
was calibrated by replacing the tube with a 105 
ohm noninductive resistance, and measuring the 
peak voltages across several wires of different 
dimensions but all of 5.4 ohms resistance. The 
effect of the different inductances of these wires 
was evident in these calibrating measurements. 
On the other hand, all the wires gave substan- 
tially the same result when used to measure the 
current through the tube. From this it was con- 
cluded that the current through the tube built 
up slowly enough to use simply the ohmic 
resistances of the wires in calculating the peak 
current. 

Some measurements of peak current as a 
function of cathode temperature are shown in 
Fig. 2. The upper current curve was taken when 
the tube was in such condition as to give fairly 
rapid breakdown (large currents, and loud 
sparks). The lower curve represents the usual 
stable state of the tube. In both cases over the 
range of cathode temperatures from —50° to 
—5°C the peak current is nearly independent of 
the temperature. This means that in this range 
the initial vapor pressure of mercury in the tube 
is not high enough to supply an appreciable 
amount of ionization for the neutralization of elec- 
tron space charge. The ionizable vapor presum- 
ably comes from the cathode spot on the cathode 
surface, and if this is so there must be a time 
interval between the formation of a low current 
cathode spot, and the building up of a high 
current, sufficiently long to allow vapor from the 
cathode to reach the neighborhood of the anode. 
The ionizable vapor in normal operation of the 
tube cannot be tungsten vapor from the anode 
because this would blacken the tube readily, 
whereas actually many thousands of discharges 
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Fic. 2. Effect of temperature of mercury pool on peak 
current and x-ray yield. 


can be passed without any visible evaporation of 
tungsten. 

At cathode temperatures above 0°C the peak 
current rises rapidly, because the initial presure 
of mercury vapor in the tube is sufficient to give 
a substantial reduction of space charge through- 
out the discharge path. In addition, at the larger 
peak currents (2000 amp.) the supply of energy 
to the surface of the tungsten anode (4.5 cm 
diameter) is so rapid that appreciable evapora- 
tion of tungsten occurs after a few hundred 
discharges. 

Figure 2 also shows the x-ray yield per shot 
as a function of cathode temperature. It will be 
seen that this is strictly independent of tem- 
perature and peak current up to 0°C, but then 
falls to half-value at about 13°C. The total x-ray 
yield per shot, of course, is independent of the 
rate at which electricity is taken out of the con- 
denser. The decrease in output at large currents 
is due to the voltage drop occurring in the circuit 
leads (about 5 meters of copper strip 2.5 X 0.063 
cm). If a smaller, stiffer circuit were used, pre- 
sumably the x-ray yield would be maintained at 
larger currents. 


MEASUREMENT OF DURATION OF X-Ray EMiIs- 
SION WITH MOVING PHOTOGRAPHIC FILM 


Four dental films were mounted on a Duralu- 
min disk and rotated at such a speed that the 
film moved 1 mm in 12.8X10~* sec. Between the 
rotating disk and the tube was placed a fixed slit 
1 mm wide. Single shot exposures were made 
first with the film stationary, and then with it 
moving. Fig. 3 shows a microphotometer record 
of such a film. At half the height of the peak the 
moving film image is 0.3 mm wider than the 
stationary film image, indicating that the x-ray 
emission lasted 4X10-* sec. In this experiment 
the charge in the condenser was 2 X 10-* coulomb, 
so that an average current of 500 amp. would 
discharge it in 4X 10~® sec. The photographic and 
peak current measurements are therefore in 
agreement as to the order of magnitude of the 
currents involved. 


X-Ray Output As FUNCTION OF VOLTAGE 


Figure 4 shows x-ray output per shot as a 
function of condenser voltage (0.025uf). The 
output was measured with the 3 X4.5 cm ioniza- 
tion chamber placed 70 cm from the target. The 
circles in the figure refer to the mercury pool 
tube, while the crosses in the figure are measure- 
ments for the same condenser discharged through 
a standard Coolidge x-ray tube (2X10-* amp. 
current). The glass of the mercury pool tube was 
Nonex, 2.4 mm thick. As Nonex glass contains a 
considerable amount of lead, an equal thickness 
of Nonex glass was placed in front of the thin- 
walled bulb of the Coolidge tube before making 
the measurement. The x-ray output is evidently 
about the same for equal quantities of electricity 
discharged through either tube, irrespective of 
the rate, the agreement being as good as could 
be expected when one remembers that there was 
a’ considerable amount of radiation from the 
backs of both targets. 

The mercury pool tube used for these measure- 
ments had a target 4.5 cm diameter. If a target 
1.8 cm in diameter was used, the output did not 
increase much above 100 kv, because there was 
so much evaporation of tungsten from the small 
anode that the discharge current built up rapidly 
to a higher value than the circuit could supply 
without voltage drop in the leads. Evidently the 
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maximum output obtainable increases with the 
size of the anode. 


QUALITY OF X-RADIATION 


The quality was measured by absorption in 
copper. It was found to be roughly the same as 
that of the radiation obtained when the same 
condenser was discharged through a standard 
Coolidge tube. 


ABSOLUTE MEASUREMENTS OF X-RAy 
OuTPUT 


These measurements were made with a Vic- 
toreen dosimeter placed at different distances 
from the target. Two ionization chambers were 
used : a large one 1.14 cm internal diameter X 2.3 
cm long, and a small one 0.77 X 1.3 cm. The axial 
collecting wires in both chambers were 0.75 mm 
diameter (data from Mr. J. A. Victoreen). The 
initial voltage on the collecting wires is about 
400. Fig. 5 shows data taken with the mercury 
pool tube and a Coolidge tube plotted in such a 
way as to exhibit the inverse square law. All the 
data were taken with the condenser charged to 
105 kv. The glass of the mercury pool tube was 
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Fic. 3. Microphotometer measurements of x-ray image of 
a slit on stationary and moving films. 
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"Fic. 4. X-ray output as a function of condenser voltage. 
The circles refer to a mercury pool tube, and the crosses 
to a standard Coolidge tube. 


1 mm thick, and contained no lead. No addi- 
tional filter was used with either tube. 

Curves C and E were taken with the Coolidge 
tube and 0.025 and 0.05uf, respectively. The 
large chamber was used for the measurements. 
Curves A and B were taken with the Hg pool 
tube, 0.025uf and the small and large chambers, 
respectively. Both curves coincide with curve C 
for the Coolidge tube at large distances (small 
1/d*), but diverge from C at small distances. 
This divergence is greater for the large chamber 
(B), hence it is presumably due to recombination 
of ions in the chamber. The electric field sweeping 
out the ions in one of these chambers is of the 
order 1000 volts/cm. The gas in the chambers is 
air at atmospheric pressure, so that the mobility 
of the ions is about 1.3 cm/sec. per volt/cm, and 
an ion will require several hundred microseconds 
to cross the chamber. The x-ray output for one 
shot is delivered in about 5 microsec., so that the 
entire ionization due to one shot is concentrated 
in the chamber at one time. Lack of saturation 
sets in for the large chamber at about 0.5 r per 
shot, and for the small chamber at about 1.1 r 
per shot. The ion concentrations corresponding 
to these doses may be obtained by dividing by 
the charge on the electron (in e.s.u.) and are 
1.05 X10" and These concentrations 
are so high that the lack of saturation is not 
surprising. 
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Curve D was taken with the mercury pool tube 
and 0.05uf, using the small chamber. This curve 
shows lack of saturation also at small distances. 
Note that at large distances the output is the 
same as for the Coolidge tube (curve £), and is 
approximately twice that obtained with the 
0.025uf condenser. 

In all experiments with the mercury tube in 
which the object was placed close to the tube, 
the dose was determined from the inverse square 
law, as in curve C. Thus for an object placed 
11.5 cm from the target and irradiated with the 
0.025uf condenser charged to 105 kv the dose per 
shot was taken to be 3.5 roentgens. Assuming 
this dose to be delivered in 5X10~-* sec., the 
momentary rate was 4.2X10" r/min. By in; 
creasing the size of the anode, and raising the 
voltage to about 300 kv, it would appear that 
doses of 30 r per shot could be delivered. 

The maximum average output of the tube 
depends on the maximum heat dissipation of the 
anode. In our tubes there was no cooling except 
by radiation. The tube was usually operated at 
105 kv, 0.025uf, and 1 shot per sec., giving an 
average output of about 200 r/min. Under these 
conditions the anode ran yellow. 


PHOTOGRAPHIC EFFECT 


The density of an exposed photographic plate 
is defined as the logio of the ratio of the trans- 
mitted to the incident light, and is usually taken 
to be a measure of the amount of x-radiation 
acting on the plate. Bell’ and others have shown 
that at ordinary x-ray intensities the reciprocity 
law holds; that is, that the density is equal to the 
intensity X the time of exposure. It was of interest 
to see whether the reciprocity law extends to the 
high intensities used in this work. 

One-half of a dental x-ray film was exposed to 
one shot at 100 kv from the mercury pool tube, 
the film being placed at such a distance that it 
received 0.31 r. The other half of the same film 
was then exposed to as nearly as possible the 
same dose from the same condenser discharged 
through a Coolidge tube (10-* amp. current). 
The film was then developed and photometered. 
The measurements on four such films (2 in each 
film-pack) are shown in Table I. The instanta- 


1G, E. Bell, Brit. J. Radiology 9, 578 (1936). 
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Fic. 5. Absolute x-ray output of Coolidge and mercury 
pool tubes, plotted to exhibit inverse square law. All 
105 kv. A, Hg pool, 0.025uf, small dosimeter chamber; 
B, Hg a 0.025uf, large chamber; C, Coolidge, 0.025uf, 
large chamber; D, Hg pool, 0.05uf, small chamber; E, 
Coolidge, 0.05uf, large chamber. 


neous rate of dose was about 0.31 60/5 X10-* 
=3.7X10* r/min., and the data show that the 
reciprocity law holds to within 10 percent at this 
intensity. 


COLORATION OF CRYSTALS 


Single crystals of NaCl and KCI were exposed 
to the radiation from the mercury pool tube. 
The condenser was charged to 105 kv, and the 
crystals received 3.4 r per shot. A total dose of 
340 r gave strong coloration of the crystals. The 
experiment was repeated discharging the con- 


2m 


CONDENSER DISCHARGE X-RAY TUBE 133 


denser through a Coolidge tube instead. The 
coloration of the crystals was roughly the same 
in both cases. 


BIOLOGICAL EFFECTS 


Experiments have been reported by Lawrence, 
Zirkle and their associates* in which it has been 
found that a given dose of neutrons, as measured 
by the ionization in a Victoreen dosimeter, 
produces a larger biological effect than an equal 
dose of x-rays measured by the same instrument. 
The greater efficiency of the neutron radiation is 
thought to be connected with the higher con- 
centration of ionization along the path of a recoil 
proton than along the path of an electron ejected 
by the x-rays. It therefore seemed worth while to 
make some simple biological experiments with 
the mercury pool x-ray tube to see whether the 
high instantaneous concentrations of ions pro- 
duced by it in tissue would cause any effects 
different from those produced by x-rays of 
ordinary intensity. We made some measurements 
on wheat seeds, and, with the collaboration of 
P. A. Zahl and C. P. Haskins (of the Haskins 
Laboratory, Union College) on drosophila eggs, 
and on the spores of aspergillus niger (bread 
mold). These experiments will be described in 
detail elsewhere, but the result may perhaps be 
mentioned here, and its physical interpretation 
discussed. 

For none of the three materials investigated 
was there any significant difference between the 
effects of a given dose of radiation from the 
mercury pool tube, and the same dose from a 
Coolidge tube operated at a current of about 1 
ma. The intensity of radiation during the 


TABLE I. Comparison of film density from mercury pool 
tube and from Coolidge tube. 


DENSITY 
FILM MERCURY COOLIDGE Ratio 
la 1.97 1.91 1.03 
1b 2.11 2.03 1.04 
2a 2.03 1.81 1.12 
2b 2.03 1.86 1.09 


momentary pulses from the mercury pool tube 
was about 10° times that of the Coolidge tube. 

The significance of the experiments may be 
understood better by considering in detail the 
concentration of ionization® along the paths of 
an electron and a proton. 

Cloud chamber photographs‘ have shown that 
about half of the ion pairs produced by a high 
speed electron (25 kv) are primary ionizations 
by the high speed electron itself, while the other 
half of the ion pairs are due to secondary ioniza- 
tion by primaries of moderate speed. Wilson's 
data are compiled in Table IT. 

For the protons, about } of the ion pairs are 
due to primary ionization by the proton, the 
other { being produced by ejected electrons of 
moderate speed. 

These ionization data are illustrated in Fig. 6 
for a 3X10* volt electron (two upper lines in 
series) and for a 3X 105 volt proton (lowest line). 
These energies may be taken as representative 
for the experiments which we are considering. 
The primary ionizations have been spaced at an 
average distance apart, instead of at random. 
The secondary ionizations are shown vertically 
above the primaries, on approximately the same 
distance scale as the primaries. The electron 
ionization secondaries have been distributed 
according to the data of Table II, and the proton 
secondaries in somewhat the same manner. In 
Fig. 6 the ionization is supposed to occur in 
tissue which is taken to be 760 X 800 =6.08 x 10° 
times as dense as air at 1 mm p. 

There is much evidence to show that the 
changing or killing of a cell is due to the inter- 
action of electrons with sensitive volumes of 
about the size of genes (excitation or ionization). 


TABLE II. Distribution of ionization by 25 kv electron. 


PERCENTAGE OF TOTAL 
NUMBER OF CLUMPS 


NO. OF ION PAIRS 
IN CLUMP 


1 47 
2 22 
3 12 
4 7 
>4 12 


*For example: J. H. Lawrence, P. C. Aebersold, and 
. Lawrence, Proc. Nat. Acad. 22, 543 (1936). Zirkle 
and Aebersold, Am. J. Cancer 29, 556 (1937). 


3 Data from von Engel and Steenbeck, Elektrische 
Gasentladunge en 1, 34, 35, 51 (1932). 
‘Cc. T.R. ilson, Proc. Roy. Soc. 104, 192 (1923). 
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ELECTRON §(3%/0* voLTS) 


Fic. 6. Distribution of ionization along the paths of an 
electron and a proton in body tissue. 


The dimensions of a gene are supposed to be of 
the order of magnitude 510-7 cm. 

If the interaction consists in the production 
of a single ion pair in the sensitive volume one 
would expect no appreciable difference in effi- 
ciency between electron ionization and proton 
ionization for the same total dose (total ioniza- 
tion). By far the greater part of the ionization 
is wasted, as it occurs in tissue outside the sen- 
sitive volumes, so that it would make no appre- 
ciable difference if a proton wasted a few more 
ions by making several in a sensitive volume 
where only one was needed. 

On the other hand, if the interaction requires 
the simultaneous production of two ion pairs in 


the gene, the protons should be about twice as 
efficient as the electrons, because it is evident 
from Fig. 6 that in only about 50 percent of the 
electron ionizations can two ions be produced 
within a single sensitive volume of dimensions 
5X10-7 cm. This difference in efficiency is of the 
order of that reported for the neutron experi- 
ments. These considerations, of course, do not 
exclude the possibility that there may be an 
error in using an ordinary dosimeter to estimate 
the ionization produced by neutrons in a bio- 
logical specimen. 

In the work with the mercury pool x-ray tube 
most of the biological experiments were done 
with “shots” of 3.5 roentgens delivered in about 
5X10~* sec. If the ions resulting from each shot 
are considered to be made simultaneously, it is 
of interest to see whether their concentration is 
sufficient to expect different biological effects on 
the basis of Fig. 6. Assuming tissues to be 800 
times as dense as air at atmospheric pressure, the 
number of ions produced in 1 cc of tissue for a 
dose of 3.5 r is (800X3.5)/(4.77X10-') =5.9 
xX 10". Hence the average distance between these 
ions is 5.5X10-* cm. Thus the spacing between 
tracks of individual high speed electrons is large 
compared with the spacing of ions along one 
single track, and on the basis of Fig. 6 these 
x-rays should behave biologically like x-rays of 
ordinary intensity. 
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Further Study of X-Ray Diffraction in Quartz 


G. W. Fox anp J. R. FREDERICK 
Department of Physics, Iowa State College, Ames, Iowa 
(Received July 19, 1937) 


The x-ray energies in the central beam and in the Ka; and KQ, lines of silver have been 
examined after passing through X, Y, and A cut quartz plates nonoscillating and oscillating 
piezoelectrically. No difference in the intensity of the central beam or in the intensities of the 
silver lines could be observed whether or not the absorbing crystal was oscillating. 


INTRODUCTION 


HE observed increased intensity in the Laue 
diffraction patterns of crystals oscillating 
piezoelectrically appears now to be quite well 
explained on the basis of decreased extinction 
within the body of the crystal. It appears also 
that the previously reported! increase in intensity 
and area covered by the undeviated beam is 
incorrect in spite of certain confirming photo- 
graphic observations. Jauncey and Jaques* 
tested this point quite thoroughly, using both 
photographic and ionization chamber techniques, 
and by both methods obtained negative results. 
We have recently repeated the earlier work, 
using this time a silver anticathode. Our object 


- was not only to make observations on the 


intensity of the central beam after passage 
through the crystal, but to see whether piezo- 
electric oscillation might possibly have any 
effect on the absorption of the characteristic 
radiation. The K spectrum of silver lies in a 
convenient spectral region where any small 
changes in the absorption coefficient of the 
quartz brought about by piezoelectric oscillation 
might be expected to show up. 


EXPERIMENTAL 


A Bragg spectrometer with calcite analyzer 
was used when investigating the absorption of 
the characteristic K spectrum of silver. Energy 
measurements were made with an ionization 
chamber and vacuum tube voltmeter. The x-ray 
tube was equipped with a water-cooled anode in 
which was imbedded a silver button target. 


1G. W. Fox and W. A. Fraser, Phys. Rev. 47, 899 


(1935). 
*G. E. M. Jauncey and A. T. Jaques, Phys. Rev. 50, 
672 (1936). 


It was operated at 10 milliamperes and 60 kv 
peak. The collimeter slits were set at 0.4 mm, 
and the width of the x-ray beam passing through 
the quartz slip was about 2 mm. Methyl iodide 
at atmospheric pressure was used in the ioniza- 
tion chamber. The voltmeter circuit was one 
suggested by Barth* and utilized a Western 
Electric D96475 electrometer tube. In the output 
of the tube was a critically damped galva- 
nometer. The sensitivity of the voltmeter was 
calculated as approximately 25,000 mm per volt. 
Absorption measurements were made on X, FY, 
and A cut crystal slips ranging in thickness from 
0.5 to 1.5 mm which were driven in the grid 
circuit of a type 10 triode having a properly 
tuned plate circuit. 


RESULTS 


All the crystal plates were oscillated at their 
thickness frequency. Measurements were taken 
on the absorption of both the primary beam and 
the K spectrum of silver under oscillating and 
nonoscillating conditions. In all instances, the 
absorption as measured for the central beam and 
for the Ka; and Kf, silver lines were the same 
under the two conditions to within an average 
error of +1 percent. Fig. 1 shows graphically the 
energy distribution in the undeviated beam for 
the following three cases: (1) with no crystal 
absorber (curve A); (2) with a 1 mm thick Y cut 
slip in the path of the beam but not oscillating 
(curve Bx); (3) with the same 1 mm Y cut slip 
in the path but oscillating (curve Bo). As can be 
seen, the curves for conditions (2) and (3) are 
identical, indicating that oscillating the slip had 
no apparent effect on the absorption of the 
undeviated beam. 


3D. B. Pennick, Rev. Sci. Inst. 6, 114 (1935). 
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Fic. 1. Energy distribution in the undeviated beam. 


Figure 2 shows graphically the K spectrum of 
silver mapped also according to the same three 
conditions. As before, no difference is shown 
between the oscillating and nonoscillating con- 
ditions, indicating that oscillation has no effect 
on the particular wave-lengths involved. 


DISCUSSION 


From the foregoing, one is led to make certain 
statements with respect to the division of energy 
in experiments of this kind. The x-ray energy 
arriving at the front face of the quartz slip is 
split in various ways. By far the greatest part 
goes through as the so-called undeviated beam; 
a second part, representing those frequencies 
fulfilling the Bragg condition, is abstracted at the 
front and rear surfaces of the absorber as the 
familiar Laue spots. Another fraction is diffusely 
scattered, and yet another appears as heat in 
the absorber. It would be instructive to know 
just how the total energy is divided, especially 
to know how the different divisions are affected 
by piezoelectric oscillation. It seems safe to 
assume that no change of importance occurs in 
that fraction of x-ray energy converted into heat 
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Fic. 2. Energy distribution for K spectrum of silver. 


and, since Jauncey and Deming‘ observed no 
increase in diffuse scattering, one must look for a 
change, occurring as the result of piezoelectric 
oscillation, in the energy division between the 
undeviated beam and the Laue images. We 
already know from numerous previous experi- 
ments that a many-fold increase in the photo- 
graphic blackening produced by the diffracted 
images occurs as a result of piezoelectric oscilla- 
tion of the crystal medium and it has seemed 
entirely logical to believe that this increase in 
blackening is brought about by decreased x-ray 
extinction. This leads to the conclusion that the 
additional energy diffracted in the Laue spots 
comes from the central beam. Although this still 
seems reasonable, the present experiment, in 
which no difference could be noted in the energy 
in the central beam whether the slip was oscil- 
lating or not, casts some doubt on the hypothesis. 

Perhaps it may be said the results with the 
silver lines are as one should expect. Since their 
wave-lengths do not correspond to those actually 
observed in the diffraction pattern, they cannot 


fulfill the Bragg conditions. This conclusion is- 


justifiable now that experiment confirms it, but 
so many features of x-ray piezoelectric inter- 
actions have turned out differently than pre- 
dicted that it seemed wiser to make the 
measurements and so be sure. 


4 Jauncey and Deming, Phys. Rev. 48, 462 (1935). 


JANUARY 15, 1938 


PHYSICAL RE VIEW 


VOLUME 53 


Mass Ratio of the Carbon Isotopes from the Spectrum of CN 


F. A. Jenkins, Department of Physics, University of California, Berkeley, California 


AND 


Dian E. WootprinGe,* Norman Bridge Laboratory of Physics, Pasadena, California 
(Received November 23, 1937) 


With a source containing carbon enriched about ten times in C™, the violet CN bands have 
been photographed with a dispersion of 0.63A/mm, Measurements are given of the lines of low 
rotational quantum number in the 0,0, 0,1 and 0,2 bands of C@N", as well as of C?N", The 
vibrational constants of the normal states of both molecules are accurately determined, and 
give a value of the isotope mass coefficient p=,'/w, of 0.97898 +0.00002, corresponding to 
a mass for C® of 13.0088. This is in essential agreement with the mass-spectrograph value, and 
it is shown that the finer corrections to the isotope effect are negligible in this case. 


YOME time ago we reported! the preliminary 
_results of a study of the carbon isotope effect 
in the violet CN bands. The bands due to 
C¥N"™ were greatly strengthened by using a 
source containing methane enriched about ten 
times in the heavier isotope of carbon by 
diffusion in a Hertz apparatus.? These isotope 
bands, as obtained from ordinary carbon, are 
about 1/100 as strong as the main bands due to 
C"®N"™, Therefore only a few rotational lines of 
the 0,0 band have heretofore been detected’ on 
very heavily exposed spectrograms. Our plates 
showed the complete C'N' system with suffi- 
cient intensity for accurate measurement. Fig. 1 
shows the enhancement of the 0,1 isotope band 
from the enriched sample. It is a coincidence that 
the head of this isotope band falls almost exactly 
on the null line of the corresponding main band. 
The head is faintly visible on the plates with 
ordinary carbon, giving the impression that the 
null line is not entirely absent. 

The violet CN bands afford an_ excellent 
opportunity for the precise determination of 
isotope mass ratios, since they lie in a favorable 
region of the spectrum and have a large vibration 
frequency w,. We have therefore extended our 
original measurements to include the 0,0, 0,1 
and 0,2 bands with a view to determining the 
best possible value of the mass ratio C',C®. 
The accuracy of the final result turns out to be 


* Now at the Bell Telephone Laboratories, Inc., New 
York, N. Y. 

1F. A. Jenkins and D. E. Wooldridge, Phys. Rev. 49, 
882 (1936). 

?D. E. Wooldridge and W. R. Smythe, Phys. Rev. 50, 
233 (1936). 

%A.S. King and R. T. Birge, Astrophys. J. 72, 19 (1930). 


comparable with that of the most accurate mass- 
spectrograph measurements. 


EXPERIMENTAL 


The source was a small end-on tube with 
cylindrical aluminum electrodes coaxial with the 
capillary, the latter being 3 cm long and 1 mm 
in diameter. Methane and nitrogen were first 
introduced, each at a pressure of about 0.5 mm, 
and then pure argon was added to make the total 
pressure 15 mm. When actuated by a 25 kv, 1 kva 
transformer, the tube at once showed strong 
CN, Ce and CH bands, with Ne» bands very weak. 
After about } hr. running, the bands due to 
carbon compounds began to fade slowly, and 
the Ne bands came in more strongly. The tube 
was then evacuated and refilled. The spectrum 
of CN was photographed in the first two orders 
of the 21-foot grating, which has 30,000 lines per 
inch. The rotational lines of the 0,0 and 0,1 
bands of both C'’N' and C?N' were measured 
against iron arc standards in the second order, 
where the dispersion was 0.63A/mm. The 0,2 
bands could only be measured in the first order, 
and here an exposure of 4 hr. was necessary, 
whereas 2 hr. sufficed for the other bands in 
the second order. 

Since the primary object was to obtain accu- 
rate values of w, for the main and isotope bands, 
we confined our measurements to lines of low 
rotational quantum number. For the stronger 
bands, in which the lines of low K could be 
accurately measured, data were taken up to 
K"=10, while in the weaker bands it was 
necessary to use lines as far as A’’=16. ‘Table | 
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Fic. 1. Violet CN bands showing enhancement of the 0,1 isotope band from an enriched sample. 


gives all of the data used in computing the mass 
ratio. The superscript 7 refers to lines of the 
“isotope’’ molecule 

The data for the 0,0 and 0,1 main bands agree 
excellently with those given by Uhler and 
Patterson? and by Heurlinger,® respectively. No 
values for the 0,2 band have been heretofore 
published. 


RESULTS 


In evaluating the molecular constants for the 
main and isotope bands, we have followed 
the procedure previously used by Jenkins and 
MeKellar for the BO and Li, bands.*: * We shall 
therefore not describe the method in detail. 
Briefly, it consists in a least squares solution of 
the differences between corresponding lines in 
each pair of bands differing by unity in 2”, 
according to the equation 


AT =AG—a(K+}). 


In making these solutions, values of A7 involving 
lines which were unreliable because of super- 
positions were first discarded. The results are 
given in Table II. Each value is a mean for the 
P and R branches. The table also includes 
the values of the vibration frequencies w, and 
anharmonicity constants +, in the equation 


AG = w, — 2xw,(v+}). 


*H. S. Uhler and R. A. Patterson, Astrophys. J. 42, 
434 (1915). 

* T. Heurlinger, Dissertation, Lund (1918). 

*F. A. Jenkins and A. McKellar, Phys. Rev. 42, 464 


(1932). 
7A. McKellar, Phys. Rev. 44, 155 (1933). 


We are justified in using this form, since the 
AG :v curve is known’ to be strictly linear up 
to high values of v for the normal state of CN. 
Incidentally, it should be noted that our value 
xw, = 13.144 is appreciably lower than the figure 
13.245 usually quoted. 

Table II also gives the experimental values of 
the isotope coefficient p, which is found most 
accurately from the ratio of w, for the two 
molecules. The ratios of xw, and of @ are con- 
sistent with this value, which gives p?=0.9584 
and p*=0.938. Assuming our accurate p to 
represent the square root of the ratio of the re- 
duced masses, we have, for the mass ratio 


C18 


ce — ce 


For the masses of N'* and C, we use the recent 
values of Bainbridge,’ 14.00750 and 12.00398. 
We then find, for the mass ratio, 1.08371. The 
corresponding mass of C'* is 13.0088. This is 
slightly greater than the mass-spectrograph re- 
sult 13.0076+0.0002 obtained by Bainbridge and 
Jordan.” There can be no question of the 
correctness of the relative masses of C and C' 
given by these authors, since they agree so well 
with the observed energy of the protons ejected 
from C” under deuteron bombardment." It 


°F. A. Jenkins, Phys. Rev. 31, 539 (1928). 
M.S. Livingston and H. A. Bethe, Rev. Mod. Phys. 
9, 245 (1937). 

1 Kk. T. Bainbridge and E. B. Jordan, Phys. Rev. 51, 
385 (1937). The values we quote are on the slightly different 
mass scale of Livingston and Bethe (reference 9). 

4 See reference 9, p. 327. 
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should be noted that our first band spectrum 
result,' published simultaneously with the first 
mass-spectrograph data" on C'® gave independ- 
ent proof that the observed gamma-ray could 
not be associated with this reaction. 

That our result is not significantly different 
from the correct one is shown by calculating 
the value of p given by the most recent masses,’ 
with their stated probable errors. These give 
p=0.979005 + 0.000008 as compared to our ex- 
perimental value 0.97898+0.00002. 

As a check on our experimental value of p, we 
have applied the method used by Almy and 
Irwin'® and evaluated p—1 from the “isotope 
shift’’ of band origins in the 0,1 band. Their 
equation is 


where V isa function of the vibrational constants 
of upper and lower states containing p in its 
smaller terms. Assuming the p evaluated above, 
we find V = —1972.71 cm™. Avo is found experi- 
mentally by computing the origins of the main 
and isotope bands from several band lines. For 
this, the rotational constants need to be accu- 
rately known. Applying least squares to our 
combination differences in the usual manner, we 
find Bo’=1.9588, B,’’=1.8741, Bo’'=1.8775, 
B,""'=1.7965. For the origins, we then get 


vo= 23,755.44, vo'=23,796.85, Avo=41.41 cm. 


Without further data it is then necessary to 
assume that the electronic isotope shift Av.=0 
in order to calculate p. If this is done, there 
results p=0.97901. The fact that this agrees so 
well with our previous value is an indication 
that the electronic isotope shift is small. 


POssIBLE CORRECTIONS 


Van Vleck" lists three reasons why the ob- 
served value p=w,'‘/w, can differ from the true 
value of (u/u")!. He states that except in the 
case of hydrides and deuterides these corrections 
are so small as to have only academic interest. 
To verify this in the case of CN, we have calcu- 
lated their magnitudes in the cases where this 


" K. T. Bainbridge and E. B. Jordan, Phys. Rev. 49, 
883 (1936). 

3G. M. Almy and G. R. Irwin, Phys. Rev. 49, 72 (1936). 

“J. H. Van Vleck, J. Chem. Phys. 4, 327 (1936). 
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TABLE I. Wave numbers of CN band lines. 


0.0 bands 
R (K) P (K) R' (K) P* (K) 
0 | 25,801.75 25,800.58 
1 805.81 25,794.06 804.53 = 
2 810.00 790.41 808.52 25,789.74 
3 814.36 786.90 812.68 786.48 
4 818.79 783.54 816.94 783.17 
5 823.36 780.33 821.36 | Unresolved 
6 828.05 777.18 825.73 from 
7 833.00 774.24 830.56 main 
8 837.96 771.33 835.33 lines 
9 843.10 768.71 840.04 P(K) 
10 848.35 766.15 845.29 766.49 
11 850.47 764.18 
12 — 761.98 
13 759.91 
14 758.04 
15 756.19 
16 754.49 
0,1 bands 
R P (RK) R* (K) P* (K) 
1 763.45 23,751.69 
2 767.71 748.11 23,808.62 23,789.82 
3 772.14 744.70 812.86 —- 
4 776.72 741.46 817.25 783.45 
5 781.50 738.42 821.79 780.48 
6 786.38 735.51 826.50 777.71 
7 791.56 732.78 831.53 775.14 
8 796.82 730.17 836.46 772.63 
9 802.26 727.88 841.65 770.35 
10 807.85 725.65 846.99 768.22 
11 852.57 766.27 
13 762.82 
14 761.35 
15 760.04 
16 758.92 
0.2 bands 
K” R (K) P (RK) R' (K) P*(K) 
21,743.27 
1 747.40 21,735.52 
2 751.55 732.09 
3 756.25 728.78 
4 760.94 725.68 
5 765.89 722.82 21,847.17 — 
6 770.94 720.13 852.19 21,803.27 
7 776.37 717.65 857.33 800.99 
8 781.91 715.32 862.68 798.93 
9 787.68 713.30 868.30 796.87 
10 793.61 711.45 873,94 794.75 
11 — — 879.81 793.59 
12 885.94 792.22 
13 892.04 790.82 
14 905.21 789.91 
15 912.05 789.04 
16 _— 788.48 
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TABLE II. Experimental values of the isotope coefficient. 


v AG a ac? a 
1974.874 0.01617 


3 2016.127 0.01723 
3 2042.416 0.01738 2000.047 0.01620 
| 2068.705 = w, 2025.220 =w,* 
13.144 =xw, 12.586 = x'w,' 


= 0.97898 +0.00002 
p?=x'w,'/xw, = 0.9576 
p?=a'/a=0.932(v= }) 

=0.938(v = 3) 


can be done. The anharmonicity correction'® can 
be found accurately, since the constants of the 
potential function are here well known. Using 
the function 


U =5.622 —2.653E+4.1862 


derived from the constants of the normal state, 


148In comparing the formulas for ya and 6. given by 
Van Vleck with the original equations of Dunham (Phys. 
Rev. 41, 721 (1932)), we find that the term 41a; in the 
expression for y. should read 14a), and that an extra term 
—1155a,4/8 should be included in that for 6,. 


to obtain the correction 6,'— 6, in the equation 
we'/ We = (u/m*)*(1 5a), 


we obtain +4.5X10-7. This is negligible com- 
pared to the probable error in p. 

The correction for diagonal elements can also 
be evaluated, assuming pure precession and a 
value L=1 for the united atom. This gives 
+7.2X10-7, which is also negligible. 
The correction for L-uncoupling does not apply 
to vibrational constants (6.=0 for both mole- 
cules). The last correction, due to interaction 
between states of equal A, cannot be found 
without a knowledge of the wave function, but 
it should be smaller than 2(B‘—B)/vy=—6.2 
x<10-*. In this expression v is the separation of 
the two ? states. This correction is again so 
small that it should have no influence on our 
experimental result. In view of these considera- 
tions, it thus appears that the accuracy of the 
comparison of isotope masses from band spectra 
of such molecules as CN is limited only by the 
accuracy of the wave-length measurements. 
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Band Spectra of PbSe, SnSe and PbTe in Absorption 


J. W. Wacker, J. W. StRALEY AND ALPHEUs W. SMITH 
Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 
(Received November 15, 1937) 


A vibrational analysis has been made of band systems in the visible region due to PbSe, to 
SnSe and to PbTe. These bands were observed in absorption. In each case the band heads 
degrade toward the red. The vibrational coefficients w, and x, for the ground state and for the 
first excited state are compared with those of the band systems in PbO, SnO, PbS and SnS. The 
expected trend in these vibrational constants is observed in each case, namely a decrease in vs, 
w@., and xe with increasing number of electrons in the molecule. 


HE similarity of band spectra produced by 

diatomic molecules formed by the combi- 
nation of a given element with different elements 
in the same group in the periodic table is gener- 
ally recognized. A number of investigations have 
been made of band spectra produced by the 
diatomic molecules, PbO,'~* SnO,*-? PbS® and 


1 Bloomenthal, Phys. Rev. 35, 34 (1930). PbO. 


? Christy and Bloomenthal, Phys. Rev. 35, 46 (1930). 


3 Shawhan and Morgan, Phys. Rev. 47, 377 (1935). PbO. 
4 Howell, Proc. Roy. Soc. A153, 683 (1935). PbO. 


SnS.*"'"' The band spectra due to PbSe, SnSe, 
PbTe and SnTe have been observed by Rochester 
and Howell" but no analyses seem to have been 


5 Mahanti, Zeits. f. Physik 68, 114 (1931). SnO. 

6 Connelly, Proc. Phys. Soc. 45, 780 (1933). SnO. 

7 Loomis and Watson, Phys. Rev. 45, 805 (1934). SnO. 

8 Rochester and Howell, Proc. Roy. Soc. Al48, 157 
(1935). PbS. 

® Buktow and Tschassowenny, Zeits. f. Physik 90, 815 
(1934). SnS. 

10 Rochester, Proc. Roy. Soc. A150, 608 (1935). SnS. 

1 Shawhan, Phys. Rev. 48, 821 (1935). SnS. 

12 Rochester and Howell, Univ. of Durham Phil. Soc. 
Proc. 9, 126 (1934). 
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BAND SPECTRA OF PbSe, 


Since oxygen, sulfur, selenium and 


made. 
tellurium belong to group VI of the periodic table, 
this investigation was undertaken to extend our 
knowledge of these sequences and to make 
possible a comparison of the vibrational coeffi- 
cients of these bands. 


EXPERIMENTAL 


The three diatomic compounds, PbSe, PbTe 
and SnSe, were prepared from the purest 
chemicals available. Convenient masses of the 
two elements entering into one of these com- 
pounds were chosen in the ratio of their atomic 
weights, pulverized and then mixed together 
intimately in a closed glass tube. The tube was 
subsequently evacuated and heated until both 
constituents were melted and thoroughly mixed. 
The tube was then cooled and the conglomerate 
consisting of the compound and residues of the 
uncombined elements were introduced into a 
carbon tube which could be heated by means of a 
compressional carbon ring electric furnace with a 
current of about three hundred amperes at 
twenty-five volts. The carbon tube was about 
50 cm long and 2 cm in diameter. It was heated 
to sufficiently high temperatures to produce the 
desired vapor density of the compounds. These 
temperatures ranged from 300° to 1500°C. The 
tube was open at both ends and nitrogen was 
passed into each end to prevent the oxidation of 
the metals. A five-hundred watt projection lamp 
was used as a source of continuous radiation. 
The light after passing along the axis of the tube 
and through the vapor to be examined was 
focused on the slit of the spectrograph. 

The spectrograms were made with a concave 
grating in an eagle mounting with a radius of 
curvature of 10 ft. The grating was ruled with 
14,400 lines to the inch. The observations were 
made in the first order where the dispersion was 
about 5.5A per millimeter. An iron comparison 
spectrum was superimposed on one edge of the 
absorption spectrum without displacing the 
photographic plate. The intensities were esti- 
mated visually taking into consideration the 
difference in the times of exposure. Average 
values of the intensities and wave-lengths from 
different plates were used. 
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PBSE 


In the region between 4000 and 6000A three 
band systems have been observed and analyzed 
in the vapor of PbSe. They are designated as the 
A, B and C systems. One hundred and eighty- 
four bands have been assigned to these three 
systems. Bands evidently belonging to a D 
system and to an E system were also observed, 
but these systems were not sufficiently well 
developed to make it possible to analyze them. 
The presence of the isotopes of Se and Pb made 
the band heads diffuse and difficult to measure 
accurately. In the analysis band heads due to 
such impurities as Seo, Pbe, and PbO were 
identified and eliminated. The presence of other 
impurities gave rise to band heads which it was 
not possible either to identify or to analyze. 

Table I gives the vibrational quantum num- 
bers, the observed intensities, the observed wave 
numbers and the difference between the observed 
and the calculated wave numbers for these band 
systems. The B system was the most completely 
developed of the systems. 

The following formulae represent the band 
heads within the error of observation. The 
intensities in each of the three systems form 
a well established Frank and Condon parabola. 


A system, v,= 18716.8+166.91n' 

—0.144u"* —277.78u"’ +0.452u'”, 
B system, »,=21005.8+184.82u’ 

—0.427u" —277.78u" +0.452u'", 


C system, »,=23315.7+183.00u’ 
—0.250u” —277.78u"’ +0.452u'”, 


where wu’ =v'+3 and 


SNSE 


Tin selenide presented more experimental diffi- 
culties than were found in lead selenide. It is 
probably less stable than lead selenide and band 
heads due to such impurities as Ses, SnO and SeO 
were more prominent. The bands due to these 
impurities could, however, be identified and 
eliminated. Three imperfectly developed systems 
of bands have been observed and analyzed. 
They are similar to the three systems observed in 
lead selenide and are designated as the A, B and 
C systems. Table II gives the vibrational 
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TABLE I. Bands in PbSe. 


i | | ”(Observed) “obs. ~"eal. (Observed) “obs. cal. 
A System 
4 0 8 16471.0 —1.1 7 3 1 18884.8 +1.1 
4 1 8 16638.7 +0.2 7 13 ,* 18884.8 —1.2 
4 0 7 16741.3 —2.1 10 5 2 18938.7 —0.2 
8 1 7 16909.3 +0.3 4 12 6 18994.0 —0.4 
6 0 6 17011.9 —2.0 4 2 0 18994.0 —0.4 
2 1 6 17180.0 —0.5 8 4 1 19049.4 —0.1 
2 3 7 17241.7 +0.3 4 11 ¥ 19103.2 —0.1 
5 0 5 17283.4 —2.8 4 6 2 19103.2 —1.6 
5 2 6 17344.7 —2.2 6 13 6 19158.0 +0.5 
2 4 7 17405.2 —2.0 6 3 0 19162.4 +2.0 
7 1 5 17450.6 —2.2 10 10 4 19213.5 +0.7 
4 3 6 17509.3 —3.6 10 5 1 19216.0 +1.1 
2 5 7 17570.0 —2.6 3 12 5 19266.3 —0.4 
3 0 4 17557.0 —2.5 4 4 0 19327.6 +1.4 
9 2 5 17618.4 —0.8 7 11 4 19376.8 +0.2 
1 4 6 17679.7 +1.0 10 6 1 19379.7 —1.1 
8 1 4 17724.7 —-14 5 5 0 19492.9 +1.3 
3 3 5 17783.3 -1.9 2 12 4 19539.2 —0.8 
2 5 6 17844.1 00 8 7 1 19545.3 —0.6 
8 2 4 17891.8 —0.7 3 9 2 19598.7 +0.8 
F 1 3 17999.1 —1.2 1 11 3 19647.8 —3.0 
5 3 4 18058.7 +0.2 7 6 0 19656.6 —0.9 
3 5 5 18117.0 +0.6 3 8 1 19708.8 —0.9 
8 2 3 18166.5 —0.2 6 10 2 19761.7 —0.3 
1 4 4 18225.3 +1.0 2 12 3 19812.6 —1.6 
2 1 2 18275.8 +0.5 6 7 0 19820.3 —2.3 
7 3 3 18332.1 —0.6 3 11 2 19925.4 —0.4 
5 2 2 18440.1 —1.6 1 13 3 19979.4 +2.1 
7 4 3 18500.1 +1.6 8 8 0 19988.2 +1.9 
5 1 1 18553.3 +2.0 2 10 1 20039.4 +1.4 
1 6 4 18556.1 +0.5 4 14 3 20143.0 +2.8 
10 3 2 18607.8 +0.1 8 9 0 20152.3 +1.7 
5 5 3 18663.7 —0.2 10 10 0 20314.5 —0.2 
3 2 1 18719.4 +1.7 3 12 1 20365.4 +0.2 
3 12 7 18720.3 —0.6 2 14 2 20419.7 +4.5 
10 4 2 18773.7 +0.2 7 11 0 20480.4 +1.9 
1 11 6 18834.2 +3.3 3 13 1 20530.2 +1.9 
4 12 0 20641.2 —0.7 
3 14 1 20691.8 +0.6 
3 13 0 20806. 1 +1.1 
PBTE 


quantum numbers, the observed intensities, the 
observed wave numbers and the differences 
between the calculated and the observed wave 
numbers. 

Within the errors of observation the wave 
numbers of these band heads are represented by 
the following equations: 


A system: 19354.3+4+223.82u"" 
—0.879u"? —333.16u'’ +1.247u'”, 


B system: v,=22579.4+218.84u’ 
—0.500u’? — 333.16u’’ +1.247u'”, 


C system: v= 26906.3+216.14u’ 
—0.525u"* — +1.247u'”, 


when wu’ =v'+}3 and =v’ +}. 


Three systems of bands were also observed in 
lead telluride but only two of them have been 
analyzed. These systems correspond to the 
A system and to the B system of lead selenide 
but they are displaced toward the red, when 
compared to the corresponding systems of lead 
selenide. As in the case of lead selenide the 
presence of isotopes rendered the bands diffuse 
and difficult to observe accurately. The bands 
due to diatomic lead and to diatomic tellurium 
could be identified and were eliminated. No 
bands which could be unambiguously assigned to 
PbO or to TeO were observed. 
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BAND SPECTRA OF PbSe, 


TABLE I.—Continued. 


SnSe AND PbTe 


I | | | »(Observed) obs. ~"cal. | (Observed) 
8 0 9 18497,7 —2.4 2 2 22558.1 +0.3 
1 0 7 19041.6 +1.3 2 7 22558.1 +1.1 
3 2 8 19135.3 —1.6 4 0 22586.3 +2.1 
1 3 8 19315.9 —3.3 3 5 22598.5 +3.4 
5 1 6 19493.2 —2.6 1 3 22631.2 +2.1 
5 4 8 19498.7 -—1.9 6 1 22660.2 +1.0 
3 0 5 19582.2 —-1.9 4 6 22660.2 —0.6 
4 0 4 19855.2 —2.2 2 7 22727.5 +3.7 
3 1 4 20039.4 —2.0 3 2 22731.8 +0.4 
4 0 3 20130.4 —1.2 3 0 22762.4 +1.9 
10 1 3 20314.5 —1.1 2 5 22763.9 —0.7 
7 0 2 20406.2 —0.4 2 -3 22805.2 +4.0 
4 2 3 20495.5 —3.2 4 1 22833.9 +0.1 
10 1 2 20587.8 —2.8 4 6 22832.7 +4.2 
2 3 3 20677.9 —4.7 4 2 22903.8 —0.5 
2 0 1 20678.0 —3.0 3 5 22936.7 +3.6 
10 2 2 20770.7 —3.0 3 0 22937.7 +1.8 
10 1 1 20865.2 —14 3 3 22971.5 —0.9 
5 3 2 20953.5 —1.5 4 1 23006.8 —0.6 
10 2 1 21051.2 +1.5 3 4 23039.2 +1.3 
10 3 1 21232.8 +0.8 4 2 23075.9 —0.3 
6 2 0 21327.6 +1.2 1 0 23110.1 —0.4 
6 4 1 21412.5 —0.9 2 3 23141.2 —14 
1 6 2 21496.2 —1.4 2 1 23179.2 —1.1 
8 3 1 21509.5 +0.8 2 4 23205.3 —1.1 
1 5 1 21594.0 +0.1 1 0 23284.6 +0.5 
1 7 2 21678.1 +1.7 1 2 23247.2 —0.2 
7 4 0 21690.5 +0.4 2 3 23310.9 —1.2 
2 8 2 21856.5 +2.1 1 1 23352.2 0 
0) 5 0 21871.5 +0.9 2 4 23373.9 —0.2 
1 i) 2 22033.8 +2.3 4 2 23419.5 +1.9 
8 6 0 22050.8 +0.5 3 3 23481.3 +0.7 
4 8 1 22131.6 +1.2 2 1 23522.1 —-1.3 
1 13 4 22179.3 —2.9 1 4 23543.2 —2.3 
2 18 7 22221.5 +0.7 2 0 23631.0 +2.2 
8 7 0 22229.8 +0.7 1 3 23651.6 +3.3 
3 9 1 22308.8 +1.3 2 2 23755.5 —0.1 
1 11 2 22381.8 —1.4 1 3 23816.8 +1.7 
7 8 0 22405.5 —1.6 2 1 23861.4 —1.7 
1 13 3 22456.1 —0.3 1 2 23923.1 —0.2 
1 10 1 22485.1 +1.3 2 0 23973.3 +3.0 
1 15 4 22530.4 +3.4 1 1 24031.2 —0.4 
2 2 5 22258.6 +0.9 2 1 0 23450.6 . 
2 1 4 22350.1 +11 2 3 1 23537.8 q 
1 2 4 22530.4 —0.6 3 2 0 23633.7 
2 2 3 22805.2 0 4 3 0 23815.6 ’ 
2 1 2 22902.3 4.1 2 5 1 23902.3 +3.1 
3 2 2 23077.0 —3.2 6 4 0 23997.5 +2.1 
2 1 1 23170.4 —3.8 2 6 1 24080.8 +1.6 
2 3 2 23260.5 —1.2 7 5 0 24177.8 +1.9 
1 0 0 23270.6 +2.2 3 7 1 24260.2 +1.8 
3 2 1 23354.3 —1.9 6 6 0 24354.3 —1.6 
1 4 2 23443.4 +0.7 2 7 0 24534.6 —0.8 
1 9 1 24611.4 —4.8 
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Fic. 1. Variations of the vibrational constants in the 
ground state of monoxides, monosulphides, monoselenides 
and monotellurides of lead and tin. 


Table III gives the vibrational quantum 
numbers, the observed intensities, the observed 
wave numbers and the difference between the 
observed and calculated wave numbers for these 
two systems of bands. 

The wave numbers of the band heads of these 
systems are represented within the error of 
observation by the following equations: 

A system: v,= 16362.34+ 141.370’ 
— 0.2240’? — +0.119u'", 
B system: 
—0.464u"* — 211.790" +0.119u'”, 


where u’ = (v'+3) and u’’=(v'’+3). 


DISCUSSION OF RESULTS 


In Fig. 1 w, and xw, have been plotted for the 
ground state against the number of electrons in 
the molecule: These curves show how the vibra- 
tional constants of these molecules for the ground 
state are related to each other. Similar curves 


TABLE II. Band heads in SnSe. 


I v’ | | (Observed) Yobs. ~"cal. | I v (Observed) Yobs. — cal. 
A System 
4 1 4 18211.9 —2.5 8 2 2 19083.8 +0.3 
3 0 3 18315.5 0 6 1 1 19191.9 +0.5 
10 1 3 18538.0 +0.4 6 3 2 19301.9 +0.2 
5 0 2 18641.1 0 + 2 1 19412.0 +0.3 
10 2 3 18756.4 —1.5 4 4 2 19518.9 0 
6 1 2 18863.5 —0.2 3 5 2 19737.1 +2.7 
5 0 1 18971.1 +1.8 4 3 1 19630.4 +0.1 
5 3 3 18976.4 —0.1 5 3 0 19958.4 —2.3 
B System 
3 1 6 20796.8 +2.5 10 0 2 21864.0 —0.2 
7 1 5 21114.0 +1.5 1 1 2 22081.9 —0.2 
10 1 + 21433.1 —0.2 10 0 1 22192.3 -0.1 
6 0 3 21538.8 +0.2 8 1 1 22410.6 +0.3 
2 2 4 21654.7 +5.4 4 0 0 22523.4 +0.6 
7 1 3 21755.9 —0.6 10 1 0 22740.0 —0.7 
C System 
2 1 7 24800.1 —1.0 6 0 3 25863.9 +0.4 
4 0 6 24901.4 +0.1 9 0 2 26189.0 +0.1 
5 1 6 25116.4 —0.4 4 0 1 26517.0 —0.3 
5 0 5 25219.9 +0.4 5 1 1 26731.7 —1.1 
2 1 5 25436.2 +1.2 3 1 0 27062.5 —0.7 
0 4 25541.5 +1.2 
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ntum TABLE III. Bands in PbTe. 
-rved 
1 the A System 
th | T 
I | | ”(Observed) Yobs. eal. *(Observe)) “obs. eal. 
these | 3 2 5 15555.8 +2.6 | 2 8 2 17020.0 —0.9 
3 0 3 15695.6 42.4 | 4 5 0 17026.9 | —0.3 
of 6 2 | 4 15763.9 +0.1 1} 0 | 3 17081.4 —0.8 
5 1 3 15835.6 +1.5 | 3 7 1 17093.8 +1.2 
5 0 2 15906.4 +21 | 3 9 2 17155.0 —1.5 
3 2 3 15977.2 +2.6 | 4 6 0 17166.5 +0.6 
4 1 2 | 16043.4 —1.8 | 4 11 3 17220.3 +1.6 
Ou!” 5 0 1 | 16114.7 -0.9 | 3 8 1 17230.1 | —0.3 
: 4 2 2 16182.3 —3.4 | § 10 2 17296.0 +2.7 
5 1 1 16255.4 4.1 | 7 7 0 17304.2 +0.1 
Oy!" 5 2 1 16394.3 —2.7 1 12 3 17353.3 —1.4 
: 4 3 1 16533.1 —3.9 1 9 1 17369.6 +1.8 
3 2 0 16607.1 —1.5 2 11 2 17430.8 +1.0 
2 4 1 16677.9 +1.3 | 8 8 0 17442.0 —0.1 
4 3 0 16745.5 —3.0 7 9 0 17579.8 +0.6 
2 5 1 16815.5 —0.2 1 1 11 1 17640.5 —0.6 
2 7 2 16882.7 +1.4 | 2 10 0 17715.5 —0.6 
r the 4 4 0 16890.6 +2.5 | 2 12 1 17777.1 0 
ms in 
B System 
ribra- 
‘ound 3 0 8 18018.5 —1.3 | 2 4 2 19852.2 —0.7 
urves 2 0 7 18228.0 +0.9 2 9 5 19915.6 +0.1 
2 0 6 18438.3 +1.1 | 8 3 1 19922.6 +0.2 
1 0 5 18648.4 +0.8 | 2 11 6 19977.1 +0.4 
4 0 4 18859.4 +1.2 2 2 0 19992.3 +1.2 
2 2 5 18936.5 +0.7 6 5 2 19992.4 —1.4 
a 2 1 4 19001.0 —1.8 2 10 5 20051.5 —0.2 
5 0 3 19070.3 +1.3 5 4 1 20063.1 —1.1 
ul. 1 3 5 19077.1 —1.5 8 3 0 20134.1 +0.4 
1 2 4 19147.1 +0.7 1 11 5 20188.7 +1.6 
3 1 3 19214.4 +0.8 2 8 3 20199.8 +0.1 
4 0 2 19280.7 +0.6 2 5 1 20203.3 —1.8 
2 3 4 19287.0 —2.2 10 4 0 20275.0 —0.7 
2 2 3 19359.2 +2.0 2 9 3 20336.8 —0.1 
1 5 5 19363.2 +1.9 10 5 0 20417.3 +0.7 
6 1 2 19423.5 —1.2 1 9 2 20545.7 —2.3 
1 4 4 19429.7 —1.3 9 6 0 20556.2 —0.3 
2 0 1 19490.2 —1.2 3 8 1 20621.7 —04 
2 3 3 19502.8 +2.8 2 10 2 20684.1 —0.1 
5 2 2 19567.5 —0.8 7 7 0 20695.4 -0.1 
2 5 4 19572.4 +0.5 4 9 1 20759.6 +0.3 
6 1 1 19636.0 0 5 8 0 20833.2 —0.4 
— 4 4 3 19641.9 +0.1 4 10 1 20895.8 +0.3 
2 3 2 19709.3 —1.8 4 9 0 20971.0 +0.2 
2 11 7 19766.6 0 3 11 1 21031.8 +0.9 
— 10 2 1 19779.4 —0.2 1 10 0 21107.6 +0.6 
2 -. 2 19785.9 +3,2 3 12 1 21165.5 +0.3 
1 10 6 19842.9 +1.6 1 11 0 21242.3 —0.1 
2 13 0 21508.6 —1.1 


were obtained for the excited states. The varia- ascribed the corresponding bands in PbO and 

—— tions of these vibrational constants are similar to PbS to '2='2 electron transitions. The similarity 
those obtained by Jevons, Bashford and Briscoe’* of the observed band spectra and the electron 

— for the monoxides and monosulphides of the configurations of PbO, PbS, PbSe and PbTe 
group IVb elements. suggest that these bands in PbSe and PbTe also 

Since a rotational analysis of these spectra has arise from '2='2 transitions. A similar compari- 

not been possible, the electronic transitions can- son of the band spectra and the electron con- 

not be determined with certainty. Howell has figurations of SnO, SnS and SnSe also suggests 


seas s ne, Bashford and Briscoe, Proc. Phys. Soc. 49, 543 that the observed bands in SnSe arise from 
transitions. 
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The spectrum of an arc-like discharge in Hz and HD of about 50 cm pressure at a current 
of about one ampere was photographed with a 15 ft. grating and compared with the spectrum 
of the ordinary vacuum discharge. The spectrum of the arc is very different in appearance 
but the differences can be easily understood if one takes into account the conditions under 
which the arc operates. The behavior of unclassified lines in the arc is very useful for their 
identification. The arc spectrum of hydrogen is very similar to the spectrum obtained in the 
presence of an excess of helium. An ordinary discharge operated at high pressures and current 
densities produces a spectrum which deviates from the spectrum of a discharge at low pressures 
and low currents in the direction of the arc spectrum. 


I 


HE molecular spectrum of hydrogen is very 
complex and presents great difficulties when 
one attempts a complete analysis. Therefore any 
means by which the appearance of the spectrum 
can be changed must be of great value, for if 
certain groups of lines are affected in the same 
way, they very probably have something in 
common in their origin. 

It was shown by M. Kiuti' in 1923 that the 
spectrum of an arc in hydrogen between tungsten 
electrodes differed very markedly from that 
obtained with a high potential discharge in a 
vacuum tube, many of the lines appearing greatly 
enhanced in intensity, others weakened or wholly 
absent. The region of wave-lengths shorter than 
5050A was relatively very weak. The arc showed 
only the Balmer lines and the molecular spec- 
trum no metallic lines being present. 

Kiuti attempted to classify a number of lines 
greatly enhanced in the arc, but his dispersion 
and the general knowledge of the Hz spectrum 
available at that time were insufficient for this, 
and the results of the present paper indicate that 
the regularities found by him are spurious. 

The purpose of the present investigation is to 
repeat Kiuti’s experiments with higher resolving 
power and to establish the connection between 
the changes found experimentally and _ the 
structure of the spectrum. This is possible now 
as a very large part of the He spectrum is ana- 
lyzed, chiefly through the efforts of O. W. 


1M. Kiuti, Proc. Phys. Math. Soc. of Japan (1923); 
also Nagaoka anniversary volume (1925). 


Richardson? and his co-workers. Finally it was 
hoped that the results thus obtained might give 
some clues which would be helpful for the iden- 
tification of as yet unclassified lines. 


Il 


Kiuti operated his arc in a glass flask of 1.5 
liters capacity filled with hydrogen at a pressure 
of 50 cm but it seemed better to minimize the 
effects of any accidental explosion, by designing 
an apparatus of smaller capacity. 

The arc, moreover, is of such low luminosity 
that it is absolutely invisible in the glare of the 
incandescent tungsten electrodes even when they 
are concealed behind shields. It was thought that 
some or all of the light giving the continuous 
spectrum reported by Kiuti might have been 
reflected or scattered by the walls of the bulb, 
and a tube of the form shown in Fig. 1 was 
accordingly constructed. The different parts are 
not drawn to scale, to save space and show small 
details, but the chief dimensions are given. The 
anode was a pointed square rod of tungsten 4 mm 
in diameter and 40 mm long, wired to a small rod 
of the same metal and sealed into the vertical 
tube as shown. The movable cathode was a 
similar rod with a “‘brush”’ consisting of five short 
tungsten wires (diameter 0.2 mm) bound to its 
upper end with a few turns of similar wire, the 
windings being overlapped to secure the free end, 
and carried down the rod to a distance of 2 cm. 
Fine copper wire is then wound around the lower 


2See O. W. Richardson, Molecular Hydrogen and is 
Spectrum (New Haven, 1934). 
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end of the spiral to prevent the tungsten wire 
from uncoiling when released. It is important not 
to have any copper near the incandescent points 
of the electrodes. This cathode rod is plugged into 
a hole in the top of a larger brass rod which fits 
rather closely in the small vertical tube, passing 
then through a rubber tube into a second short 
piece of glass tube which fits into the lower end 
of the rubber tube. The joints between rubber 
and glass are sealed with sealing wax and the 
lower end gripped by a small clamp which can be 
raised or lowered a few millimeters by a rack and 
pinion arrangement. The rubber tube permits 
this movement by its elasticity and the joints if 
well sealed are air-tight. 

The barometer tube showed the pressure of 
the hydrogen which was allowed to enter slowly 
through a long fine capillary, the stopcock 
between the tube and pump being so adjusted 
that the pressure remained constant at about 
50 cm. 

The arc was operated by a 500-volt dynamo, 
with sufficient resistance to keep the current at 


‘about two amperes when the circuit was closed 


by making contact between the electrodes. Before 
starting the arc the bulb was thoroughly ex- 
hausted with a Cenco oil pump and washed out 
two or three times with hydrogen. A voltmeter 


was inserted across the terminals and an am- 
meter in the circuit. 

On making contact and then separating the 
electrodes a millimeter or two, a feeble discharge 
started which hardly registered on the ammeter, 
while the potential drop across the terminals was 
between three and four hundred volts. The elec- 
trodes heated rapidly, the cathode becoming 
suddenly incandescent, the voltage dropping to 
between one and two hundred and the current 
rising to an ampere or two. The rheostats were 
quickly adjusted to bring the current down to an 
ampere or less. The tube now operated steadily 
hour after hour with no further attention. 

The arc was focused on the slit of our 15-foot 
concave grating spectrograph, the images of the 
incandescent electrodes being covered by strips 
of black paper. The lines of the molecular spec- 
trum were easily seen with an eyepiece and Ha 
was very bright. It was impossible, however, to 
see any image of the actual arc even on a piece of 
white paper, which appeared faintly and uni- 
formly illuminated with white light. This illu- 
mination was so strong at first that the secondary 
lines were barely visible on the continuous back- 
ground, but the conditions were improved by 
increasing the length of the blackened horn at 
the rear, and carefully cleaning the glass plate 


AQ em 


Fics. 1 AND 2. Form of discharge tube and tube containing zinc granules. 
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which closed the end of the large tube. It was 
also important to have the lens very clean, as 
much light is scattered in the direction of its 
propagation by dust, finger marks, bubbles or 
striae. Spectra made with a quartz spectrograph 
of the arc and incandescent electrode indicated 
that the continuous spectrum originated, at 
least to a great extent, from the electrode, as the 
intensity distributions were similar. If the current 
was raised to two or more amperes a pink arc, 
easily seen, suddenly appeared, and Ha became 
enormously bright in comparison to the lines of 
the secondary spectrum. Not much was gained, 
however, as the time of necessary exposure did 
not appear to be much reduced, and the elec- 
trodes were rather rapidly vaporized. 

It was found best to clean off the black deposit 
of tungsten every few days, by treating it with 
nitric acid followed by a strong solution of 
sodium hydroxide. 

The spectrum was photographed from the 
violet to wave-length 8000A two exposures being 
made in coincidence, one with the arc and the 
other with a small end-on hydrogen tube 
operated by a 6000 volt transformer. A continu- 
ous flow of fresh hydrogen through a capillary 
was removed continuously by a pump, the 
pressure remaining constant at a millimeter or 
two. 

On the plate covering the region from Ha to 
8000A an exposure of eleven hours was given 
with the vacuum tube, and two hours with the 
arc: below Ha the vacuum tube exposure was 
one hour and that of the arc twenty minutes to 
half an hour. The arc spectrum of deuterium was 
also investigated, but having only a 60 percent 
heavy water sample available* the spectrum is 
chiefly that of the HD molecule. In this case the 
tube was filled with the gas to a pressure of 50 
cm and the stopcocks closed. It was operated 
several hours to free the electrodes from occluded 
hydrogen, and a fesh sample of the gas intro- 
duced, the spectrum of which was immediately 
photographed. An end-on vacuum tube in com- 
munication with a one-liter flask was then 
exhausted, outgassed by heating, and filled to a 
pressure of 2 mm, with gas of the same com- 


* The pictures were taken more than three years ago. 


position, the tube spectrum being photographed 
in coincidence with that of the arc. 

The gas was prepared from the heavy water 
by first freezing it by dry ice in a side tube shut 
off by a stopcock from a vertical tube of Pyrex 
2.5 cm in diameter and 20 cm long, two-thirds 
filled with a 50-50 mixture of zinc powder and 
zinc granules about 0.5 mm in diameter (Fig. 2). 
The system was first rapidly exhausted with an 
oil pump and the stopcock closed between the 
tube containing the frozen water and the zinc 
tube. The exhaustion was then continued for an 
hour, keeping the zinc tube at a temperature of 
about 300°, by brushing it continuously with a 
Bunsen flame. After it had cooled to room tem- 
perature the bottom of the zinc tube was im- 
mersed to a depth of about 2 cm in powdered dry 
ice, and the stopcock opened allowing the water 
vapor to enter the zinc tube, in which it slowly 
filtered down to the bottom where it condensed. 
After all of the water (four or five drops) had 
evaporated, the stopcock was closed and ten 
minutes allowed to pass to secure the condensa- 


tion of all of the vapor. The tube above the level 


of the dry ice was now raised to a high tem- 
perature by the flame and after a lapse of about 
ten minutes the dry ice was removed and the 
water vapor permitted to pass up through hot 
zinc powder and thence into the discharge tube. 
The technique of condensing the vapor at the 
bottom of the tube may be new, the idea being 
to ensure that all of it is obliged to pass through 
the heated zinc. 

Microphotometer curves were made of all the 
plates‘ and those of the arc compared with the 
traces obtained from the vacuum discharge. It 
must be borne in mind, however, that the plates 
were not calibrated and therefore a quantitative 
comparison is not possible. This also makes it 
difficult in some cases to estimate relative inten- 
sities of widely separated parts of the spectrum. 


Ill 


The appearance of the spectrum of the arc in 
hydrogen is so very different from that of the 


4 The labor of getting the microphotometer curves was 
greatly facilitated by the construction of a new micro- 
photometer which allowed the automatic continuous 
recording of a 36 cm long plate. We are greatly indebted 


to the Rumford Committee of the American Academy of - 


Arts and Sciences for a grant which made the construction 
of this microphotometer possible. 
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Fic. 3. Microphotometer traces of arc and vacuum discharge. 
Fic. 4. Microphotometer traces of Hy from the frc and vacuum discharge. 
Fic. 5. Arc and vacuum discharge in the neighborhood of 4490A. 


ordinary vacuum discharge that, with a casual 
inspection, one might believe that one had the 
spectra of two different substances. A more 
careful scrutiny shows, however, that the same 
lines are present in both spectra but with vastly 
different relative intensities. Some lines are en- 
hanced in the arc, others weakened. It is not our 
purpose to give here a complete list of all of the 
lines appearing in the arc. One of the authors is 
at present engaged in a revision of the complete 
wave-length table of the molecular spectrum of 
hydrogen. This will contain also the behavior of 
the lines in the arc. 

In the present paper we are chiefly interested 
in showing how the various levels which give rise 
to the lines of the molecular spectrum of hydrogen 
are affected by the arc discharge.. This can be 
easily done, as the classification of a very great 
number of lines is now known. If we have recog- 
nized the rules according to which the changes 
from the vacuum discharge to the arc take place 
and understood the mechanism of this change 
we shall be able to use the behavior of as yet 
unclassified lines in the arc to find clues as to 
the levels from which they come. In this way 
we have been able to find the classification of a 
considerable number of new lines. 

We shall now describe the changes which take 
place in the arc spectrum of hydrogen as com- 


pared with the spectrum of the ordinary vacuum 
discharge. 

1. If we take an individual band, we see that 
the lines with high values of the rotational 
quantum number J are enhanced in the are and 
those with low values weakened. This can easily 
be understood from the difference in temperature 
between the two types of discharge. The hydrogen 
in a discharge tube at low pressures and low 
current densities is not very far from room 
temperature whereas in the arc discharge the 
temperature is very much higher. This is partly 
due to the much higher pressure which allows, 
by the increased number of collisions, a greater 
amount of the electric energy to be converted 
into heat energy, partly and probably to the 
greatest extent it is due to the presence of the 
white-hot tungsten electrodes which heat the 
gas. The higher temperature favors the higher 
rotational quantum numbers and the lines re- 
sulting from them are enhanced whereas those 
due to the low rotational quantum numbers are 
weakened. 

This is clearly brought out in Fig. 3 in which 
a microphotometer trace of the spectrum of the 
arc discharge (above) is compared with that of 
the vacuum discharge (below). It is a region 
around 4600A and contains the 0-0 bands of 
the (right) and 3d'II-2p'2 (left) sys- 
tems. This region is relatively free from com- 
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Fic. 6. Electronic levels with one electron in a three or 
four quantum orbit. 


plications due to many bands overlapping and 
therefore the nature of the changes becomes more 
apparent. The classification of the lines is due 
to Richardson and Davidson? except for the 
higher lines of which more will be said below. 
The J values of the final state of the line are 
given on the upper part and on the lower the 
same line is marked by a +, — or 0 for R, P or 
Q lines. The weakening of the lines with low J 
and the enhancement of the lines with high J is 
quite evident. The same behavior is found for all 
the bands examined. If several bands overlap, it 
frequently happens that a line with low J falls 
very close to a line with high J of the same or 
another band. The relative intensities of these 
two lines will be completely different in the two 
types of discharges and that will alter radically 
the appearance of the spectrum (see also Fig. 7). 

2. The Balmer lines are tremendously stronger 
in the arc than in the vacuum discharge. In a 
discharge tube, under proper conditions, the 
Balmer lines have the same order of intensity 
as the molecular lines. In the arc, however, they 


dominate the spectrum completely. Fig. 4 shows 
this effect on Hy. In this particular discharge 
tube Hy was relatively strong but nevertheless 
in the arc it is very much more intense, although 
on this plate (the same from which Figs. 3 and 5 
were taken) the molecular spectrum is much 
weaker in the arc exposure. The great concen- 
tration of atoms is produced by collisions between 
excited molecules, the difficulty experienced by 
the atoms in reaching metal parts which would 
act as catalyzers and the high temperature near 
the tungsten electrodes which produces thermal 
dissociation there. 

3. The Figs. 3 and 7 show clearly that the lines 
of the arc spectrum are considerably broader 
than those of the vacuum discharge. This is 
produced both by the higher pressure (pressure 
broadening) and the higher temperature (Doppler 
broadening). 

4. Figure 5 shows a part of the spectrum 
around 4490A taken from the same plates as 
Fig. 3. It contains the 0-0 band of the 
4p*II—>2s*> system, and the lines of the Q and 
R branches of this band are marked. It is seen 
that these are very strong lines in the spectrum 
of the vacuum discharge but they are practically 
absent in the arc. (The line Q1 is a blend with 
another line which is responsible for its strength 
in the arc). Fig. 6 shows the principal electronic 
levels with one electron in a three or four quan- 
tum orbit. It becomes apparent then that the 
higher 4p*II level is suppressed relatively to the 
lower lying 3d'Y and 3d'II levels. This is found 
generally to be true. Only in most cases the bands 
to be compared lie in different parts of the 
spectrum, and a comparison of their relative 
intensities on uncalibrated plates becomes very 
uncertain. Of course in order to eliminate con- 
fusion with the much more pronounced tem- 
perature effect only lines with the same J value 
must be compared. 

In a discharge of the arc type where the 
pressure is relatively high the exciting electrons 
cannot attain high velocities as the probability 
of their losing their energy in a collision with a 
molecule as soon as it is higher than the resonance 
energy is very great. That decreases the proba- 
bility for the excitation of one of the higher 
states. If this is right the ultraviolet bands 
and especially which 
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originate from the lowest excited states 2p'S and 
2p'II should be very strong in the arc compared 
with the visible spectrum. It should be relatively 
easy to test this. 

5. There seems to be a weakening of the bands 
originating from levels with higher vibrational 
quantum numbers. Due to the qualitative 
character of the intensity observations it is dif- 
ficult to be absolutely certain about this, but all 
the evidence seems to favor this conclusion. The 
weakening of the bands resulting from levels with 
higher vibrational quantum numbers is, however, 
not nearly as pronounced as when the hydrogen 
spectrum is obtained with a large excess of 
helium (see also part V). The weakening of the 
higher vibrational levels is due to the fact that 
vibrational energy of excited molecules can be 
lost in the collisions. 

6. Equally difficult to decide with certainty is 
the question whether the: triplet system is 
favored in the arc discharge. From the evidence 
on the plates at our disposal it seems to be so, 
as the triplet systems 3p*II—2s*d (the Fulcher 
bands) and 3*d—2 II are by far the most con- 
spicuous systems in the visible, much more so 
than in the vacuum discharge. But again the 
qualitative nature of our observations coupled 
with the much greater strength of the continuous 
spectrum in the arc (see below) and the presence 
of the effects 4 and 1 make a definite decision 
difficult. However, quantitative experiments are 
being made in this laboratory at present which 
should clear up this point. 

7. The continuous spectrum is very much 
stronger in the arc than in the vacuum discharge. 
Unfortunately, as explained in II, it is very 
difficult to be sure how much of this continuous 
spectrum is actually due to He and how much is 
scattered light of the very brilliant white hot 
tungsten electrodes. It is, however, beyond any 
doubt that the continuous He spectrum is much 
enhanced in the arc, as there is a very strong 
continuous spectrum extending to beyond 7000A 
in the He spectrum in the presence of helium 
which is in many respects similar to the arc 
spectrum. Also it is well known that increased 
pressure in a discharge tube always increases the 
intensity of the continuous spectrum. 

As the continuous spectrum arises from low 


lying triplet levels, it is evident that the effects 
4 and 6 must produce its enhancement. 

8. The changes in the HD spectrum conform 
in all respects with those observed in the H. 
spectrum. As the HD spectrum is always mixed 
up with the Hz and Dz spectra, it is more difficult 
to investigate and we did not analyze the changes 
with the same detail as in He. 


IV 


The chief purpose of investigating the arc 
spectrum of hydrogen was to obtain data which 
might help in the identification of lines hitherto 
unclassified. That purpose has been achieved in 
a great number of instances. Almost all the bands 
have been extended to higher rotational quantum 
numbers. We shall not try to list all these addi- 
tions here but restrict ourselves to one example 
which illustrates quite well the general behavior 
and shows the usefulness of the method. 

Let us take the 0-0 band of the 3d'2—2p' 
system (see Fig. 3). Richardson? gives as highest 
line in the R branch R6 for which he lists 
v= 21 664.36 with a possible alternative 21 646.92. 
The first of these two lines is the one marked withe 
two dots in the lower half of Fig. 3. As it does 
not appear in the arc it cannot possibly be R6 
although it lies very close to the position where 
R6 should be expected. The line 21 646.92 (the 
right one of the two lines marked R6 in Fig. 3) 
appears strongly in the arc and as it appears 
also on the corresponding places in the 0-1, 
0-2, etc. bands, there can be little doubt that 
it is actually R6. However, there is another line 
21 698.11 slightly weaker than 21 646.92 which 
satisfies the same conditions. It lies to shorter 
wave-lengths from the place expected for R6. 
The explanation for this behavior is that we 
have a strong perturbation here and both lines 


TABLE I. Lines for high values of J of the 3d'2-+2p' bands. 


J 0-0 0-1 0-2 

6 | 21646.93 5 8 | 20 365.98 (5) 19 116.70 (0) 
6! 698.11 4 7 417.18 (2) 167.89 (1) 
7 740.18 3 5 470.28 (1c) 230.63 (0) 
8 820.62 4 8 too near Hg 333.56 (0) 
9 929.29 1 2 683.77 (1) (3) 464.34 

10 028.47 2 5 795.88 (2) (5) 

11 124.25 1 2 904.00 (1) (3) 

12 222.64 — 3 | 21 013.67 (1) (3) 
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Fic. 7. Comparison of arc vacuum discharge and negative glow spectra in the region 6045 to 6163A. 


can be regarded as R6 of the band in question, 
or better the two upper levels of these lines are 
together the J=7 level of 3d'> and the per- 
turbing level’ without it being possible to say 
which is the perturbed and which the perturbing 
levels. 

By comparing further the arc and discharge 
tube spectrum it is easy to find also the lines for 


higher J values. They are listed in Table I. 


The classification of some of these lines is still 
highly uncertain and only a careful inspection 
of the whole spectrum can give certainty. There 
are changes in Richardson’s classification also in 
other bands, and the revised complete list of 
the bands will be given in a later publication. 


V 
The arc is operated at a pressure very high 


‘compared to the ordinary pressures in a dis- 
charge tube. In order to show that this higher 


5 Richardson's 3'K state is possibly the perturbing state. 


pressure is not the sole cause for the observed 
changes, we give in Fig. 7 a comparison of the 
spectrum of the arc, the ordinary vacuum dis- 
charge and the negative glow discharge at 30 cm 
pressure. The figure covers the region from about 
6045 to 6163A. The lines of the 3p*II—2s*> 
system (Fulcher bands) are marked at the top 
and those of 3d°2-—+2p* at the bottom of the 
figure. Most of the other lines have also been 
classified, but they are not marked in order to 
avoid confusion. A closed circle above the line or 
an x below it helps in identifying the line. 

We see that the changes between the vacuum 
discharge and the negative glow at 30 cm are 
very slight compared with the changes in the 
arc, although the increase in pressure from 30 cm 
to 50 cm is relatively small. It is true, however, 
that the changes which do occur in the negative 
glow are in the same direction as those in the arc, 
and that is what must be expected. However, it 
is seen immediately that the temperature in the 
arc is much higher than in the negative glow, 
also in accordance with what should be expected. 
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The stationary states of the system of extranuclear elec- 
trons in an atom can be treated without making much 
explicit use of electrodynamics and, as is well known, the 
present lack of understanding of the electromagnetic field 
is relatively unimportant in practical calculations of spec- 
troscopic energy terms. It suffices, in such applications, to 
deal with wave equations which are correct only to the 
order v?/c? times the term value, where v stands for the 
velocity of the electron. The difficulties involved in form- 
ing a completely satisfactory quantum electrodynamics 
or any quantum field theory appear at the moment to be 
so formidable that one may expect their solution along 
lines rather different from those attempted so far. It has 
been a lucky circumstance for the development of atomic 
theory that the v°/c® approximations sufficed for the gross 
treatment of energy levels while the v*/c? approximation 
apparently gives a satisfactory account of their fine struc- 
ture. The development of the theory of nuclear physics 
has paralleled that of atomic physics inasmuch as the 
gross structure of nuclear levels has been of primary 
interest. This has been done with an apparent sacrifice of 
even approximate agreement with relativity through the 
introduction of potentials varying in an arbitrary way 
with the distance. The present paper is a continuation of 
a previous attempt to improve this state of affairs. While 
in atomic theories, Maxwell’s equations can be used as a 
guide in the setting up of a wave theory, no field concept 
of comparable certainty is as yet available for nuclear 
interactions. Fortunately, however, it turns out that the 
requirement of relativistic invariance to the order v*/c? 
together with the known symmetries of the electromag- 
netic field are sufficient to determine the v*/c? approxima- 
tions to the wave equations in the electronic case. Even 
though the retardation of electromagnetic potentials is in- 
volved in the problem, its complete wave mechanical 
understanding can thus be partly replaced by requirements 
of invariance to order v*/c*. In the present as well as in the 
previous paper the possibilities of making analogous exten- 
sions are investigated for arbitrary interactions. 

In the previous work the possibilities in classical rela- 
tivistic dynamics have been the starting point. The class- 
ical approximately relativistic equations have then turned 
out to be invariant in the sense that for each particle the 


motion, as obtained by means of the equations in one sys- 
tem, is the transform of the motion as obtained by the 
same equations in another system. Using the picture of 
wave packets subjected to small accelerations, some neces- 
sary conditions for wave equations have been also derived 
and the corresponding forms of spin orbit interactions 
have been obtained. 

In the present paper approximately relativistic equa- 
tions are investigated using two different methods of 
approach. One of them consists in using the first approxi- 
mation of Born’s method for the description of the collision 
process. It is then possible to devise matrix elements that 
give an invariant description of the collision process not 
only in the v*/c? approximation but in all orders of v/c. 
These matrix elements are not applicable, however, to 
ordinary physical systems in higher approximations of 
Born’s method. The second method of approach consists 
in working only with the v*/c? approximation. It is then 
found possible to have relatively simple equations that 
give an invariant description of the collision process 
exactly, i.e., independently of Born’s first approximation. 
The equations correct to order v*/c? are set up for Wigner, 
Majorana, Heisenberg and Wheeler forces using wave 
functions with two components per particle. It is also 
found possible to have equations for exchange forces with 
four components per particle. An equation of this type 
has been used by Share and the writer in a calculation of 
the relativistic effects in the deuteron and shows that 
spin-spin interactions of relativistic origin can be appre- 
ciable and should be expected to have a range of force 
different from the nonspin dependent part. The interpre- 
tation of wave equations is discussed. It is shown how, even 
in approximately relativistic discussions, these equations 
should be considered only as approximations to equations 
with four components per particle. The limitations of the 
classical spin model arising from this cause are pointed 
out and the magnetic interaction energy of the deuteron is 
discussed from this point of view. It is concluded that 
most of the existing estimates are not sound, since the 
assignment of a magnetic moment to an elementary par- 
ticle has to be defined in a physical way, and since the spin 
current, as obtained from Dirac’s equation, is the particle 
current rather than the electric current. 


INTRODUCTION 


HE nature of interactions between nuclear 
particles is understood at present rather 
poorly. It is frequently supposed that it has its 
origin in the electron-neutrino field which can be 
postulated in order to explain the phenomena of 


B-ray disintegration. This hypothesis is very 
attractive since it promises to relate in an 
intimate manner the observations on mass 
defects with those on 8-decay. Another argument 
in its favor is the adaptability of a field theory 
to the requirements of relativistic invariance. 
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In this respect the structure of the field inter- 
action theories is much superior to the attempts 
to introduce interaction forces with finite ranges 
between the heavy nuclear particles, for it is 
known that interactions with finite range are not 
relativistically invariant. This decided preference 
for field theories practically disappears, however, 
when it is considered that the forces obtained so 
far from the field point of view become infinite 
as the distance between the particles is decreased 
and that the energy becomes infinite as well. 
It is, therefore, customary to cut off all integra- 
tions at some suitably chosen wave-length. 

As is well known, the cut-off wave-length 
essentially determines the range of the inter- 
action between heavy particles. The cut-off 
procedure is arbitrary and destroys the rela- 
tivistic invariance besides. One is, therefore, no 
better off with the field theory in this respect 
than one is in postulating an interaction with 
finite range to begin with. The well-known 
difficulty of obtaining the empirical values of the 
interactions satisfying simultaneously the re- 
quirements of range, of approximate symmetry, 
of neutron-proton interactions and of 8-decay 
make this approach still more questionable. 
Since it is clear that the proper point of view 
for field theories has not yet been found and 
since the agreement of theory and experiment for 
B-decay is at present unsatisfactory, it appears 
to be worth while to investigate in more detail 
the consequences of forces introduced more 
directly from empirical material. The usual 
equations obviously give a description that is not 
invariant under Lorentz transformations and it 
is presumably impossible to make them com- 
pletely invariant by any simple modification 
without introducing some sort of field. This, 
however, was also the case in the development 
of the older atomic theory in which the electro- 
static interaction between charged particles was 
at first used exclusively. The electromagnetic 
field has not been introduced since in a satis- 
factory manner into the theory. Nevertheless it 
is possible to have self-consistent discussions of 
all effects up to the order v?/c? in the velocity v of 
the atomic electrons. It thus appears reasonable 
to attempt the same type of relativistic general- 
ization in the theory of nuclear particles even 
though one knows to begin with that a com- 


pletely relativistic theory must involve a field. 
In atomic theory a treatment by means of a 
Hamiltonian referring only to electrons is possible 
only if one is not interested in effects that involve 
the radiation reaction such as is responsible for 
the natural breadth of lines. The relatively 
large value of the v?/c? effects on the energy in 
comparison with the width of levels due to 
radiation damping is thus essential for the 
applicability of the ordinary field-less theory. 
The analogous condition in nuclear theories is 
that the width of nuclear levels due to 8-dis- 
integration be small in comparison with their 
displacements due to the v*/c? effects. This 
condition is apparently very well satisfied in 
most cases since the v*/c? effects amount to 
several 100 kv while the 8-ray effects range from 
seconds to years. It is not possible, however, to 
tell a priori that heavy particles can be treated 
consistently without explicit reference to a field 
even in the order v*/c?. For a too high density of 
heavy particles it is probable that no such 
treatment will apply since then the interference 
between the fields of different particles may be 
of primary importance. It is not known, how- 
ever, that this is the case and there is as yet no 
very strong reason for abandoning the simpler 
though admittedly provisional point of view of 
individual interactions between pairs of particles. 

In a previous paper possible forms of A.R.E. 
(approximate relativistic equations) have been 
discussed.'! The first treatment was incomplete 
in several respects. For exchange forces only the 
spin orbit part of the interaction was considered 
and the possibility of having similar equations 
with exchange forces was left open. It will be 
shown below that it is possible to form theories 
with exchange forces as well as with the more 
general velocity dependent interactions intro- 
duced by Wheeler. It also turned out possible to 
make generalizations for the treatment of 
collisions that can be expected to be restricted to 
the first order of the Born approximation but on 
the other hand accurate for any velocity. The 
consideration of the collision between two par- 
ticles forms a convenient starting point for both 
types of generalization. 


1G. Breit, Phys. Rev. 51, 248 (1937); Phys. Rev. 51, 
778 (1937). 
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COLLISION BETWEEN Two PARTICLES 


Let the two colliding particles be 1 and 2. 
Their masses will be supposed equal. Their 
collision will be treated using the first approxima- 
tion of Born’s method. The initial momenta 
will be designated by p,°, p2, the final momenta 
by pi, P2- Consider first the more familiar case 
of electromagnetic interaction between charged 
particles. The interaction energy is then? in the 
order v?/c? 


(1) 


where e is the chargé, r=r,;—fe is the displace- 
ment vector from particle 2 to particle 1, r= |r| 
and a, @ are respectively Dirac’s matrices that 
represent by their expectation values the 
quantity —v/c for the two particles. On per- 
forming the calculation one finds that the number 
of collisions per second, per cubic centimeter, 
per unit density of both kinds of incident 
particles that take place so as to have the y and s 
components of 1 lie in dp,"dp,? is 


4r? E,E2 | mM | d (2) 
ap," 
hic? pi? p2* Ey 


where F;, E2 are the energies and 5M is essentially 
the matrix element of the interaction energy 
divided by the 6 function that expresses con- 
servation of momentum. In a _ fundamental 
volume, we have 


| Z| =9N5/V, (3) 


where 6=1 if pi°+peo°=pit+pe and 6=0 other- 
wise. Here the initial and final states are specified 
by assigning the values of the momenta as well 
as of the spin variables s for the two particles. 
So far the relations are general and do not 
depend on the special form of H assumed in 
Eq. (1). Use of this special interaction energy 
gives 


— exp (ikr)dr (4) 
k=(pi—pi°)/h, (4.1) 


*G. Breit, Phys. Rev. 34, 553 (1929). 


where (a*ab) = (4.2) 


the initial states being for each particle of 
the form 


exp (ipr/h), (4.3) 


where yu is Dirac’s spin index. The normalization 
corresponding to unit density is 


(a*a) = (a**a°) = 1. (4.4) 


Replacing the Coulomb interaction 1/r by e~@"/r 
and making a—0, one has 


(4.5) 
which within terms of order v*/c? is the same as* 
M = we*h*[ (a,°*a1) (a2"*a2) — ae) 
(4.6) 


If the interaction energy H’ is to give a 
relativistic description of the collision process 
then the number of collisions per cm* per sec. 
that take place in a reference system K must be 
equal to the corresponding number in the system 
K’. By the “corresponding number” one must 
mean here the number that would be observed in 
K’ if the waves that were used in K are viewed 
in K’ because a collision is a four-dimensional 
event and the space time density of events is 
invariant. It should not be required, therefore, 
that the number of the collisions per cm’ per 
sec. per unit density of the incident beams which 
we have denoted by N be unchanged by the 
transformation because the density of a plane 
wave changes on passing from K to K’. Let this 
“corresponding number” of collisions in K’ be N’. 
Then every satisfactory H must be such that 


N=N’. (5) 


The number N’ can be obtained by applying 


3C. Moller, Zeits. f. Physik 70, 786 (1931); H. Bethe, 
Zeits. f. Physik 76, 293 (1932). Invariant matrix elements 
of the above type occur first in the papers of Mller and 
Bethe. They are in agreement with the results obtained 
from the Heisenberg-Pauli electrodynamics for high 
velocities in reference 2 to which Eq. (1) in the text is 
the v*/c*? approximation. Mgller’s extension is more general 
than the work of reference 2 inasmuch as it deals with 
particles that need not be identical and shows that the 
matrix elements have a simple mathematical form in 
momentum space which is especially convenient in the 
treatment of collision problems. 


d. 
a 
ve 
or 
ly 
to 
y. 
1S 
lis 
in 
to 
m 
to 
ed 
Id 
of 
ch 
ice 
be 
no 
ler 
of 
PS. 
E. 
en 
te 
he 
ns 
be 
ies 
rO- 
to 
of 
to — 
on 
ar- 
51, 


| 


Eq. (2) in the system K’ and using, therefore, 
in 9 unit densities for the initial as well as final 
states to give a number N”. In terms of this 
number 


N'= pi” (5.1) 


where the p stand for the densities. Since N’’/N 
is entirely defined by the transformation formulas 
every satisfactory interaction energy must lead 
to the same transformation properties of ||? 
as those that follow from Eq. (4.6), viz. that 
|9|* be invariant if all the amplitudes a are 
transformed by the formulas of the Lorentz 
transformation. This can also be seen directly 
through the fact that N/|om|? transforms as 
Pip2 SO that 


where in 90’ waves of unit density in K’ are 
used. From Eqs. (5.1) and (5.2) 


N'/N= pr pa! pr” ], (5.3) 


which is =1 for (4.6). It is now clear that an 
invariant description of collision processes will 
be obtained for any interaction energy in which 
the matrix element 90 transforms as (4.6); i.e., 
for all interactions in which |9N|*? is unchanged 
when the quantities a,, a,* are transformed by 
Dirac’s formulas. 

The invariance of |9N|* does not by itself 
necessitate the invariance of 91. It is nevertheless 
simplest to require the latter as well and it will 
be seen at the end of the paper that the equations 
obtained are invariant to order v?/c? quite inde- 
pendently of Born’s first approximation. In 
asking that 9M be invariant there is an essential 
difference between the use of Moller forms of 
type (4.6) and v?/c? forms of type (4.4). The high 
velocity forms (4.6) are essentially restricted in 
their application to those matrix elements for 
which conservation of energy holds because it is 
not possible to have conservation of momentum 
in all frames without having conservation of 
energy as well. They do not have, therefore, an 
immediate usefulness for cases requiring more 
accuracy than the first approximation of Born’s 
method because in such cases it is necessary to 
know the whole interaction matrix rather than 
just the part of it corresponding to a constant 
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energy. If one is satisfied with v?/c? approxima- 
tions, however, then it is possible to define 9M so 
that it is invariant also for Ei:+F.+E,°+E,°. 
In this order of approximation the lack of 
conservation of energy destroys conservation of 
momentum only partially, the approximate rela- 
tion being 


Pi’ +p2’—pi” —p2” = 
(5.4) 


where v is the velocity with which K’ moves with 
respect to K. It will be seen that = 9M’ provided 
and also that IN=MM’ to order 
/c? even if conservation of momentum holds 
only approximately as in Eq. (5.4). It should be 
noted that the invariance of the part of oN 
referring to elements with approximate con- 
servation of momentum and no conservation of 
energy does not establish as yet the invariance 
of the physical predictions of the equations 
because the intermediate states in two reference 
systems are not connected by the Lorentz 
transformation that transforms the systems into 
each other. 

The verification of this type of invariance is 
carried out just as easily using a generalization! 
of Eq. (1) 


(6) 


Here J is a function only of the distance between 
the particles. 
= [ (a2*a2) — aa) ade) 

— (6.1) 


with f sin kedr (6.2) 
0 


and k=(pi—p.°+p2°— pe) /2h. (6.3) 
The symmetrical choice‘ (6.3) is the satisfactory 


*In the calculations that follow the invariance of SM is 
proved by using conservation of momentum but without 
using conservation of energy. The symmetric choice of 
Eq. (6.3) gives expressions for SW that are invariant in this 


sense. The unsymmetric expression of Eq. (4.1) requires, — 


gn the other hand, conservation of energy for the invariance 
of Sit. The two expressions for k (symmetric and unsym- 
metric) are, of course, equal in the reference system K. 
It may appear strange that they lead to different trans- 
formation properties of SW. The explanation is that the 
expressions for k given by the symmetric and unsymmetric 
formulas (6.3), (4.1) are equal only on account of con- 
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one and will be used here. Under a Lorentz 
transformation the quantity k changes by an 
amount 6k=k’—k such that 


(kék) =[(vk)?— 3 (vk) (kv. t+kv.+kv,° 
+kv.")]/(2c*) (6.4) 


and gives rise only to second order effects. Here 
vi, Ve stand for the velocities of the particles. 
Since J changes only as a result of a change in k, 
it is not necessary to take into account the 
change in J when one considers the last term in 
the brackets in the expression for 90. The first 
two terms inside the brackets in Eq. (6.1) form 
a Lorentz invariant combination and, therefore, 
the change in J is the only material one in this 
connection. Since the change in J is of second 
order it need not be multiplied by the second 
term in brackets because the product is of fourth 
order. The third term in the brackets involves 
the velocities and changes, therefore, by amounts 
comparable with its own magnitude. This change 
can be computed using the identity 


(E+E*) (aaa) +c(p+p°) 
+ic(a*[(p—p*) Xo Ja) =0, 


which follows from Dirac’s equations that are 
satisfied by a, a°*. Here o is Dirac’s vector spin 
matrix. The quantities p are, of course, ¢ num- 
bers. With sufficient accuracy 


+p° 
(aaa) = (aa) P) 
aa) = v(a"*a) /c. 
Hence 
— aka) (a2"*aka2) = 


—(1/2c*)[ (vk)? — 3 (vk) (kv. +kve 
+kv,°+kv.°) (6.6) 
Here it was essential to use the relation 


k[ (p—p°) Xo ]=0, 


servation of momentum, while according to Eq. (5.4) 
conservation of momentum cannot be valid in K and K’ 
unless conservation of energy is satisfied as well. Therefore, 
by adding a suitable term in pi: +p2—pi°—p,’ it is possible 
to introduce at will in the transformed equation a term in 
—Vv(E,+E,—E,°— E,°)/2c and to cancel by means of it 
terms requiring the assumption of conservation of energy 
for the invariance of SM. 


which is true only if conservation of momentum 
is satisfied. If conservation of momentum is 
satisfied only within the limits of Eq. (5.4) no 
harm is done because then only a fourth-order 
term results. On the other hand 


51 = (kdk)dI/kdk. (6.7) 


Using this together with (6.4) and comparing 
with (6.6) it is seen that 


=0, (6.8) 


which proves the invariance of 31. 


Two COMPONENT EQUATIONS 


An exact relativistic theory satisfying all the 
necessary requirements and in particular that of 
invariance under reflections can be formulated 
only using wave functions with at least four 
components for each particle. In applications it 
is often convenient to have only two components 
and the essential requirements for invariance to 
order v?/c? are seen best in the two component 
forms. A satisfactory two component theory is 
obtained by equating these to the two large 
components of the four component function in 
the well-known manner. In many applications 
this two component function, V, can be treated 
as an ordinary wave function and its square 
integral (W, W) can then be set equal to unity. 
Such a procedure is, however, an essentially non- 
relativistic one and may lead to incorrect results 
as will be seen further on in this section. Keeping 
y for the four component function the two small 
components of y in terms of the large ones are 
given by 


&= —(ep)V/2Mc (7) 


in sufficient approximation for most v?/c? applica- 
tions. Here p is the usual differential operator 
and @ is Pauli’s spin matrix. One has then 


(7.1) 


which differs from (¥, by terms of order v*/c’. 
These terms due to (*, ®) must be taken into 
account in the normalization integrals that enter 
expressions for matrix elements. The alternative 
procedure of equating (VY, VY) to unity would not 
be correct. Transformations of ¥ to new two 
component functions ¥“ chosen so as to have 


| 
| 
| 


(¥®, wv) =1 are possible and convenient if one 
wishes to put the wave equation in a form suit- 
able for perturbation calculations. This has been 
done for example in reference 5. Care must be 
used, however, not to give to (VW *W) the inter- 
pretation of particle density as one is tempted 
to do by analogy with the Galilean case. Thus a 
suitable ¥“ is 


=[1+p?/(8Mc*) (7.2) 


Attempting for the moment to _ interpret 
(¥*P®) as the particle density one can obtain 
the expression for the particle current density by 
performing a Lorentz transformation. For a 
system K’ moving with velocity v along the x 
axis one obtains 


= 
with 
J2=(h/2iM) [Wa * Va IVa */dx] 
+(h/4M) — (7.3) 


where summations are performed over indices 
occurring twice and o are Pauli’s matrices. In 
the v?/c? approximation the relation between the 
particle density p and the particle current 
density J must be p’=(1+v?/2c?)p—vJ,/c*. 
Hence the assumption p=(¥“*W™) forces one 
to the conclusion that the above J, is the ex- 
pression for the particle current density correct 
to terms of order vp/c. On the other hand the 
particle current density expression following 
from Dirac’s theory is 


X — (7.4) 


The functions W and W“ agree in the lowest 
order terms. The two expressions (7.3), (7.4) for 
J,, therefore, disagree in the spin terms. It is the 
latter expression, following from Dirac’s theory, 
that agrees with experiments on the magnetic 
deflection of hydrogen atoms® as well as the 


5 Reference 1, Eq. (9) for one particle. Eq. (17.1) for 
two particles. Applied in Eq. (17.6) to Eq. (1) of present 


paper. 
*R. Frisch and O. Stern, Zeits. f. Physik 85, 4 (1933). 
I. Estermann and O. Stern, Zeits. f. Physik 85, 17 (1933). 
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measured magnetic moment of the ‘electron 
orbit.”7 The expression p=(W*W™) is thus 
seen to be in contradiction with experience since 
it requires (7.3) even though 


f = 1. 


The situation indicated above is a natural one 
since according to Eq. (7.1) the charge density 
contains terms in the spin when it is expressed 
in terms of ¥. 

The disagreement between the relativistic 
expressions for current densities in the order v?//c? 
and the ordinary nonrelativistic spin model has 
already been known from the point of view of 
hyperfine structure® where it is essential to use 
Dirac’s equation for s terms of single electron 
spectra in order to obtain results agreeing in sign 
with those for other terms. This disagreement is 
of a different character from the one just 
mentioned. When the wave equation is reduced 
from the four component to the two component 
form one obtains a term which has no ordinary 
classical analogy.® This term is responsible for the 
splitting of the s terms. The terms which look 
like the ordinary classical spin-spin interactions 
have the expectation value zero for s terms 
because they are modified by factors which make 
the result converge so that they disappear by 
symmetry. On the other hand Eq. (7.4) can be 
used to calculate the interaction energy with the 
nucleus directly as the energy of the nuclear 
magnetic moment in the magnetic field due to the 
electronic current. It has been verified by 
Casimir"® that the result is identical with the four 
component calculation of Fermi’s'' and the re- 


I. I. Rabi, J. M. B. Kellogg and J. R. Zacharias, Phys. 


Rev. 46, 157 (1934); 46, 163 (1934); 49, 421 (1936). 
7The molecular beam experiments give nme 
the same values for the magnetic moment of the proton 
and deuteron as the atomic beams. This indicates that 
the magnetic field at the nucleus is given correctly by 
Dirac’s theory. The atomic beam experiments in the 
age od fields show further that the magnetic moments of 
oe electron configuration are given correctly by Dirac’s 


theory. 

8G. Breit and F. W. Doermann, Phys. Rev. 36, 1732 
(1930). See Eq. (12) and following paragraph. 

°G. Breit, hys. Rev. 37, 51 (1931). 

10 Casimir, Physica 3, 936 (1936). See also footnote 14 
reference 1 for effect of spin-spin coupling of different 
origin. Detailed calculation by S. Share and G. Breit, 
Phys. Rev. 52, 546 (1937). 

u E. Fermi, "Zeits. f. Physik 60, 320 (1930). 
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sults were then extended by him to the magnetic 
interaction of a proton and a neutron. It should 
be noted, however, that the use of an ordinary 
spin-spin interaction operator based on classical 
analogy cannot be expected to be equivalent to 
the interaction with the spin currents represented 
by the last terms in Eqs. (7.3), (7.4). It is 
generally and perhaps incorrectly claimed that 
the classical spin model has no sense and that one 
“must” use Dirac’s equation. There is no doubt 
that the classical model of two interacting mag- 
nets is inapplicable to the interaction of an 
electron with a nucleus. This does not mean, 
however, that it is completely inapplicable to the 
interaction of a proton with a neutron. For it 
should be recalled that the magnetic moment in 
Dirac’s theory is not properly thought of as an 
intrinsic property of the particle but rather as a 
consequence of the particle current density due 
to the last term in Eq. (7.4). It has, therefore, no 
direct meaning to multiply the result of calcu- 
lations obtained by means of (7.4) by the 
magnetic moments of the proton and neutron as 
measured in nuclear magnetons. This procedure 
is allowable only for the calculation of the 
magnetic field due to one ‘“‘nuclear magneton”’ of 
the proton but not for the calculation of the 
remaining field. According to the calculation of 
Breit and Doermann® the classical spin model 
leads for s terms to (—}) of the hyperfine 
structure splitting which is obtained on Dirac’s 
theory. In this calculation both the nucleus and 
the electron were supposed to be magnets of 
finite size with an intensity of magnetization 
distributed uniformly throughout the volume 
which was assumed to be small for the nucleus as 
well as the electron. The reversal of sign as 
compared with Dirac’s theory was recently 
noticed independently by Lamb." The reversal 
of sign is easily visualized by considering the 
direction of the magnetic field due to the electron 
at the proton. On the classical spin model the 
field is opposite to the magnetic moment of the 
electron, while on Dirac’s theory the field is due 
to the current of the electron and is therefore 
parallel to the magnetic moment of the current 
distribution. The same picture can be applied to 


® W. E. Lamb, to be published in the Physical Review. 


The writer is grateful to Dr. Lamb for correspondence on 
this subject. 


the interaction between proton and neutron. The 
fraction of the total magnetic moment of the 
proton that exists per unit volume at a. point 
having a displacement R, with respect to the 
center of the proton will be denoted by D(R,); 
D(R,,) stands for the corresponding quantity for 
the neutron. The functions D are supposed to be 
spherically symmetric. The absolute values of the 
magnetic moments will be written g,uol», Zauioln 
where the g factors are g», gn, the nuclear Bohr 
magneton is po=eh/2Mc and the 7 are the 
absolute values of the nuclear spins in units h. 
Each J could have been set = }. The correspond- 
ing interaction energy operator is 


| r+ R,, R, 


Here r is the vector representing the displace- 
ment of the neutron with respect to the proton 
and I,, I, are vector matrices of absolute value 
I,, Ip. The expectation value of IZ’ for a strong 
field state in which there are definite eigenverte 
I,,7, is for s states 


pone? f D(R,)D(R,) 


r(r+R,+R,) dy(r) 
——drdR,dR,, 
rir+R,—R,|* dr 


where y(r) is the wave function representing 
relative motion of the proton and neutron. The 
integration over R,, R, amounts to the calcula- 
tion of the electrostatic force acting on the charge 
distribution D, due to the distribution D, in the 
direction from p to n. This force is conveniently 
denoted by 


{1/47} pn 
and then 
dy*(r) 
AWw=- f | 1/r*} 
r 


If D, has a value only through a small sphere and 
D, through a thin spherical shell of radius ro 
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large compared to the radius of the sphere 
representing the proton then {1/r?},,=1/r? for 
r>roand {1/r*} for r<ro. Then 


AW = (42/3) I 


If ro is small this is just (— }) of the corresponding 
result of Casimir’s. The above calculation cannot 
be applied to all of the interaction since part of 
the proton’s magnetic moment is probably due 
to the spin current. 

The use of the spin current in order to represent 
the magnetic moment of the neutron is logically 
also not completely correct since the neutron has 
no charge. Since the spin current of Eq. (7.4) is 
thought of more simply by Dirac’s equation for 
the motion of the proton it is perhaps clearer to 
talk about this part of the interaction energy by 
means of the current density expression in 
Dirac’s theory. The interaction energy can then 
be reasonably postulated to be given by the same 
operator as in hyperfine structure theory with 
the neutron moment replacing the moment of the 
nucleus and the proton current replacing that of 
the electron. Fermi’s calculation for an electron 
in the field of a nucleus" can then be repeated 
without any essential difference. The fact that 
the ratio of the neutron and proton masses is 
nearly unity while that of the nucleus to the 
electron is much larger does not matter because 
only the distance between the particles enters the 
interaction energy. The elimination of small 
components by means of the large ones can be 
made for the proton as Fermi did it for the 
electron. The interaction energy due to the 
proton’s charge, assumed to be given by the 
expectation value of the above operator, can thus 
be obtained without a new calculation using the 
results of hyperfine structure. One obtains in this 
manner the same result as Casimir even though 
the spin current of the neutron is not used. This is 
analogous to the comparison between electron 
proton interactions with four and with two 
components for the proton which has been made 
by Lowen."* It should be remembered, however, 
that the correspondence holds only if the 
neutron’s magnetism is extended through regions 
small compared with the size of the deuteron. If 


13]. S. Lowen, Phys. Rev. 51, 190 (1937). 
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one uses pp= 2 p/2=2.8; un=g,/2= —2, Casimir's 
equation gives —5.6C where C depends on the 
binding energy of the deuteron, the range of 
force and fundamental constants. According to 
the above discussion one can tentatively estimate 
the interaction energy by using n,=1 to interact 
with u,=—2 by Casimir’s formula and to give 
—2C. The remaining »,’=1.8 interacting as a 
classical magnet then gives (—})(—2X1.8)C 
= 1.8C. This leaves a net effect of AW = —0.2C or 
about 1/30 of Casimir’s. For 4,=3, —2 the 
first order perturbation would vanish. These 
estimates cannot be expected to be reliable since 
the classical spin model is probably incorrect, 
since the magnetism is in all probability dis- 
tributed in some sense through space, and since 
according to Lamb,” field theories lead one to 
expect lack of constancy of magnetic moments. 

A composite system can be described by a 
linear combination of products of four component 
functions. For each particle it is sufficient, how- 
ever, to specify only the two larger components 
since the small components are determined then 
by Eq. (7). It is, therefore, sufficient to have 
equations in the 2” component function which 
will also be denoted by W for particles. In 
making calculations with such equations it must 
be remembered that the normalizing condition is 


=1 


for each state. This means that the probability 
of a state m can be taken as |c,,|? in the expansion 
Y= (vn, When one works with W it 
is more convenient to deal with coefficients C,, 
defined by the expansion 
Since the 2" large components of y are equal to 
the components of W and similarly for com- 
ponents of y,, V, it follows that 


Cr(Vn, Calvan, 


From a wave equation in W there follows a set of 
equations on the C, and hence also on the cy. 
The latter are of the form hdc,/idt+ + MamCmd =0. 
Since the c, are coefficients of 4" component 
functions the 9% must have the transformation 


property 


pi” po” | |? = (7.5) 


| 


APPROXIMATELY RELATIVISTIC EQUATIONS 161 


as follows from Eq. (5.3). The connection between 
c, and C,, gives 


(Wns Wn) 
(Wn, Vn) 


(Wn, LV») 
Ym) / (Wms Wm) (7.6) 


These matrix elements are not Hermitean if // is 
Hermitean. It is, therefore, necessary to use non- 
Hermitean /7 in agreement with the fact that 
four component forms lead on reduction to 
non-Hermitean two component equations. [Cf. 
Eqs. (9), (17.1) reference 1.] The first and last 
factor in Mn»m give together for states of constant 
momenta 


On transformation this factor changes by 
V(Pi+P2— pi’ — po") /(4.1/*c*) =0, 


which vanishes by the conservation of mo- 
mentum. It is, for this reason, sufficient to 
consider the transformation of the remaining 
part of mv. In Eq. (7.5) sv” is the matrix element 
for normalized wave functions. It is obtained by 
taking the value of MN,» as given by Eq. (7.6) in 
the primed reference system. One has as a 
necessary condition for invariance 


Cor’ po’ pr” po” m)'/ 8’ 
Ro’ Ri’ Ro” Hm) /5, (7.7) 
where 


and the 6 expresses conservation of momentum. 
The state m is referred to by 0 and ¥,, = V,°W.". 
Similarly for W,. The relations (7.6), (7.7) are 
independent of the normalization of Wi, We, 
V,’, Ve’ and they can be used by letting W,’ be 
that wave function which corresponds to viewing 
in K’ the state represented by WV, in K. The 
pi, pi, have the same relationship. Since 
pi/pr' Yi’) the factor, con- 


sists of ratios like 
The condition for invariance is thus that 


M=[1+ +p." + /(8M%c*) 
—(7.8) 


be invariant. By means of this result it is possible 
to test a given equation for invariance. We apply 
the test first to the case of ordinary interactions 
already dealt with in a previous paper.' 


ORDINARY INTERACTIONS 


Let the interaction energy be given by the 
operator 


Pip2/ +J pipe + Pit f + po? 


H'=J- 


(8) 


h 
(2pe—p:) Joi — (2pi— pe) Joo} 


f=dJ/rdr, 


in the coordinate space of the two particles. The 
corresponding operator in momentum space can 
be obtained by the substitution 


W;=A;exp (ipir/h) (i=1, 2), (8.1) 


where in the last equation pi, p2 are ¢ number 
vectors equal to the momenta of the two parti- 
cles. The quantities A; are two row one column 
matrices corresponding to the fact that for each 
particle there are two components of the wave 
function. The quantities A; transform according 
to the formulas 


4Me 4 ua? 
(8.2) 
vp iv 
{1 


for each particle. Hence also 


2 0 
4Mc* 


(8.3) 


Discarding constant factors of no interest we 
have to test for invariance 
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m= 
4.\M*c? 


(pir) (po’r) + (pir) (per) 
4M?c? 


hf 
h 


f 
Jor 


J 


(rX (2p2—p) Jor 


+ (p+ po? + pi” + po”) iA :) 


Xexp (ikr)dr_ (8.4) 
with k= (p:—pi°+p2°—pe) 2h. 


In this and the following equations the p; are c 
number vectors so that the order of factors in the 
curly brackets is immaterial. The last term in 
the above formula is due to the four component 
normalization which introduced the correspond- 
ing factor in square brackets in Eq. (7.8). The 
above form of 9)? can be transformed by partial 
integrations which suppose sufficient regularity 
of J. The result is 


+ Pips 
2M?*c? 
(pi°k) (p2"k) + (pik) (pok) 
4M?*c? kdk 
+p™ hie, 
site. 4 X (2p2—p:) 


m= (Asay, 


hioz 


[kx 1A (8.5) 


where J is given by Eq. (6.2). Calculating 6 all 
terms are found to cancel each other so that 


sm=0 (8.6) 


and the test is satisfied. For simplicity only one 
type of relativistic equation for a Wigner inter- 
action was considered above. The proof is quite 
similar for the other types.! No new calculation is 
required if it is noticed that the other types are 
obtainable from the one tried by the addition of 
relativistic invariants. It may be noted that in 
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the discussion of (8) just as in that of (4) the 
invariance followed without making use of 
conservation of energy. 


EXCHANGE AND VELOCITY DEPENDENT 
INTERACTIONS 


The above way of testing equations for 
invariance is more suitable for the discussion of 
the invariance of exchange interactions than the 
method of the variational integrals previously 
used. It appears at first sight that the very idea 
of an exchange interaction is at variance with the 
postulate of relativity. A proton and a neutron 
exchanging places at a certain time ¢ in the 
reference system K can be viewed in the system 
K’. Since the section ¢=const. contains in it 
world points with continuously variable values 
of ¢’ there are some values of ¢’ for which the 
system appears to consist of two protons and 
some other values for which it appears to consist 
of two neutrons. Such a state of affairs would, 
however, be in contradiction with the principle of 
conservation of charge to which there is no known 
exception, and a theory with this consequence is 
not acceptable. The situation is nevertheless not 
much worse than with ordinary forces acting at a 
distance because for these also no invariance is 
obtained for finite ranges. If one only requires 
approximate invariance to order v*/c? the lack of 
simultaneity in K’ of observations made simul- 
taneously in K is of the order vr/c? = At where r 
is the distance between the two heavy particles. 
This should be compared with the reciprocal 
of the frequency characteristic of exchange. 
This frequency has the order of magnitude 
v=(y¥(12), Jy¥(21))/h where ¥(12) is the wave 
function representing the two particles. If the 
wave packets representing the two particles do 
not overlap, the frequency of exchange is zero 
and no difficulty with conservation of charge can 
arise since the proton and neutron do not change 
places. Wave packets of the two particles that 
overlap partially give rise to an exchange oc- 
curring with a small frequency. As long as 
vAt«K1 the lack of simultaneity introduces no 
absurdity in the description of the behavior of 
the wave packets because the time at which the 
exchange occurs cannot be specified to better 
than approximately 1/v. The upper limit of » 
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is of the order J/h. In this case 
vAt = Jor/he? ~ (60mc?/h) (ve? /mc*) 
= 60(e?/hc)(v/c) ~ 1/137 


for v/c~1/10. The viewpoint of exchange forces 
leads thus to a slight but not very serious 
inconsistency even under these conditions. The 
time during which lack of conservation of charge 
could be observed classically is still only a small 
fraction of the inaccuracy that is present in our 
knowledge of the time at which the proton- 
neutron exchange occurs. The difficulty with 
conservation of charge that has been just dis- 
cussed is, therefore, not in the way of considering 
formulations which are partially invariant. On 
the other hand extensions to higher velocities 
appear questionable. 

By a procedure exactly similar to that used in 
discussing Eq. (8) one verifies that 


H’ = —JP™+Q™ (9) 


satisfies the invariance test (7.8) where P™ is the 
Majorana exchange operator and Q” is given by 


= P™ + 

+ fPMx'xipi ‘py 

+ fP™ + +a(pipeJP” 

+JP™pip2) +(1—a)(piJP™p2+p2J 

+i[pixXJP™p, | 
+i[peXJP™pe (9.1) 


The invariance of 9J{ can be seen to be inde- 
pendent of the restriction of conservation of 
energy by using 


k” = (9.2) 


The matrix elements in momentum space take 
then the form 


P™ + pipe) 


X (A1°A2°, A1A2) f Jexp (k”r)dr (9.3) 


and similarly for the other quantities occurring 
in Eq. (9.1). The quantities a, a’, a”, b are 
arbitrary constants. Their values are immaterial 
for the transformation properties of Q”. For the 


Heisenberg interaction one similarly finds that 
H'=—JP#+Q4 (10) 


satisfies the invariance test. Here P” is the 
Heisenberg exchange operator and Q# is given by 


= + PH frixip,ips’) 

+ PY ‘py 

+ po'po'x'x! + PH fx'x'ps'po') +a(piJP" pe 

+ (1 —a) (pipe + Jpips) 


The last two terms in the Eq. (9.1), (10.1) 
represent the spin orbit interactions for exchange 
forces. They agree with the results previously 
obtained.'* The other terms required by invari- 
ance represent what may be called orbit-orbit 
interactions even though this classical language is 
perhaps misleading when applied to exchange 
forces. The presence of such terms is more 
difficult to infer by the method previously used. 
As for ordinary interactions one can obtain one 
possible form from another by the addition of 
invariants. 

For two particles the Majorana interaction 
—JP™ is equivalent to the ordinary interaction 
—J for states with even orbital angular mo- 
mentum and it is equivalent to an ordinary 
interaction +J for states with odd orbital angu- 
lar momentum. The orbit-orbit interactions do 
not change the orbital angular momentum of the 
two particles. It is thus natural that these 
interactions have essentially the same form for 
exchange and for non-exchange interactions. The 
spin-orbit interactions on the other hand are 
known to produce a mixing effect between 
different values of Z which in atomic spectra 
gives rise in extreme cases to jj coupling. For 
them no similarity of as close a character need be 
expected, therefore, as for the Majorana inter- 
action. For the Heisenberg interaction it will be 
noticed that the spin orbit interactions are the 
same as for ordinary forces except for the 
presence of P”. For identical particles P* = —1 
there is then no essential difference between the 
transformation properties of the Heisenberg and 


4 Reference 1, Eqs. (15.7), (15.8), (15.9). 
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the ordinary interaction which is in agreement 
with the formal similarity of the results obtained 
for the two cases. 

Wheeler'® introduced for consideration inter- 
actions of a more general type than the usual 
exchange forces which he calls velocity dependent 


- forces. His generalization will be considered here 


only insofar as it concerns forces without spin 
dependence. An extension with spin dependence 
can be made along the same lines. The interaction 
potential between two particles 1, 2 is defined as 
a linear operator occurring in the wave equation 


Hol (ti, Bay = f R(t’, +42" 


where r=fr,—Tfe (11.1) 


and 6 is a three-dimensional Dirac delta function. 
This form is the most general one consistent with 
the requirement of the conservation of mo- 
mentum. The isotropic character of space and the 
absence of preferential axes in the bodies of the 
elementary particles makes it also necessary to 
suppose that R depends only on fr’, r”’ and 
(r’r’’) so that R is invariant under rotations. 
Substitution of Eq. (11) into Eq. (7.8) gives 


(bP + pe + pi? /8MPc? (11.2) 


with a@ defined by Eq. (11.5). The application of 
the transformation formulas (8.2), (8.3) gives 


2Mc 
Px) Xo; ]+iv[(p2°—pe) | 
4Mec? 


(vr”)(v(p1—ps)) — 


XA1A2). (11.3) 


"46 J. A. Wheeler, Phys. Rev. 50, 643 (1936). 
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The problem now is to make 69)=0 by choosing 
the function R properly. This can be accom- 
plished by starting with an arbitrary continuous 
and differentiable function Ry and adding to it 
terms that will compensate after a Lorentz 
transformation the terms occurring in Eq. (11.3). 
Let 


k= (pi—P2—pi’+p2")/2h ; 
Then 
(Pi—P2)r”’ — =hk(r” +1’) 
+hx(r’—1’) =2he. (11.5) 


Define  S= f eR (11.6) 


The function S must be expressible in terms of 
the absolute values of k, x and the scalar product 
(kx) because R is invariant under rotations. Thus 


S=S(k, x, kx). (11.7) 
Consider a part of 59 
dM = (A bhi, (11.8) 


f 


— (vr’)(v(pi°— + (pi — po) / M 
po*)/M ](i/4he*), (11.9) 


which corresponds to the square brackets in 
Eq. (11.3). The factors r”’, r’ occurring in 67; can 
be expressed!* in terms of derivatives of S with 
respect to the components of k, x. Calculating 
6/7, in this way and making use of conservation of 
momentum it is found that 


[wo J (kP) | 
2M kok 0(kx) 
(xP) (vx)aS as 


16 This is a natural thing to do since 6J, is the change 
in S due to the transformation. The intermediate step of 
Eq. (11.9) can be avoided if desired using this fact. 


) 


of 


The change 69)?; can be compensated by adding 
to Ro a suitably chosen —Q, which gives rise toa 
contribution 


—(A1°A2", AiA2)ilig. (12.1) 
It is sufficient to make 
611 (12.2) 


in order that 59%; be cOmpensated. This can be 
accomplished by 


as 
(po"k) + (pik) (pek) 


+[(pi°%) (pe°«) + (pix) 
+((pi°k) + (pi°x) (pe"k) + (pik) (pox) 
as 
+ (pix) (pek) (12.3) 


The substitution of S by means of Eq. (11.6) 


| yields on transformation 


Define (12.5) 


When one makes a change of Ko into Ko—K, 
which corresponds to changing Rp into Ro—Q,, 
one has 

+12’ 


Eq. (12.4) suggests the following form for K, 


(12.6) 


+ + 


(= Ox’? +=) 


Here ( ) indicate that the differential operators 
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do not extend beyond these brackets. The partial 
differentiations 0/dx’, 0/dx"’ are understood re- 
spectively in the sense of keeping x;’+ and 
x1''+x'’ constant. The partial differentiations 
0/0x,* are understood in the sense of keeping all 
x2* constant and all x,’ const. with b#a. Eq. 
(12.7) defines an operator in coordinate space 
which produces Jig as is seen by partial inte- 
gration from Eq. (11). It is clear from the form of 
Eq. (12.7) that the kernel K, involves derivatives 
of the 6 function and that Q, is singular. It 
appears probable, although it has not been 
proved, that it is impossible to make dt=0 
with a regular R. In the calculations that led to 
Eq. (12.7) essential use has been made of the 
isotropy of space by means of Eq. (11.7). 
Conservation of energy implies for any collision 
process that (kx) =0. No use of this relation was 
made. On substitution into Eq. (11) the differ- 
entiations 0/dx,* can be transferred to the wave 
function by partial integration and are equivalent 
to the introduction of momentum operators. 
These commute with the total momentum 
operator and conservation of momentum is not 
destroyed by its introduction. 
Again let 


= (A 1°Ae®, A1A2) ble, (13) 
with 


[v?/c? —vP/2 Mc? ]. (13.1) 


This represents the first two terms in Eq. (11.3). 
Compensation can be effected by introducting an 
addition — Kz to K which gives rise to a contri- 
bution — IMeg (A 2, A 1A similarly 
to Eq. (12.1). It will be sufficient to make 


(13.2) 
This can be done by making 
(13.3) 


as well as in other ways corresponding to different 
combinations of derivatives with respect to 
Ox;'0%_"", etc. These forms are im- 
mediately obtained by inspection, no reference to 
S being necessary. The contributions —K,—K, 
to Ky correspond to the orbit-orbit interactions. 
In addition spin orbit interactions are required 


by the remaining terms in 62 which must be in- 
serted after the comma of the scalar product 
rather than after the product as in Eq. (13) 


f dr'dr"e**R(r’, (iv/4Mc?) 


Two possibilities suggest themselves for terms in 
Q such as to give, respectively, 


f dr'dr"e'*R(r’, 


X X (pi? — pi) Jou 
+((p.°+p:) X (p2°— pe) Joo}, (13.5) 


f dr'dr”e'*R(r’, 


X +1) X (pi°— pi) Jor 
X Joo}. (13.6) 


Corresponding forms of K; are easily found. A 
simpler form for K;! is obtained, however, by 
using conservation of momentum to substitute 
P2—pe2° for p:°—p; and pi—p,° for po®—pe. One 
has then 


= f e'@R(r’, 
Inq! = (i/4M22) f e@R(r’, 


X Xp: (13.8) 


In this form Eq. (13.7) corresponds to a’ =a’’=0 
in Eq. (9.1) for the Majorana interaction while 
Isa"! is recognized from Eq. (13.8) to correspond 
toa’=a" =1. 

A generalization with two constants a’, a’’ such 
as is present in Eq. (9.1) is also possible here. 
Similarly for ordinary interactions one can write 
the spin orbit terms of Q as 


Qo= { (pi X Jp: joi +[p2X Joo} 


4M?c? 
a(1—)) 
4M?c? 


X Jp: joo+[p2XJp2 joi}, 
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which is equivalent to Eq. (15.4) of the previous 
calculation.’ This is seen to be a linear combi- 
nation of terms corresponding to Eqs. (13.7), 
(13.8). The Majorana and ordinary spin orbit 
interactions are thus seen to be properly special 
cases of the more general results for Wheeler's 
forces. The forms of K; that correspond to 
Eqs. (13.7), (13.8) are 


+[ve2' ]oiKy), (13.7’) 

JoxKo). (13.8’) 
The whole K is K=K y—K,—K2—K;. (13.9) 


It should be noted that the kernel Ky was 
supposed to be the product of a regular kernel 
Ro multiplied by a 6 function. If Ro is not 
regular, the above discussion may be inapplicable 
because then the velocities of the particles may 
enter explicitly into the interaction energy. The 
presence of 6(r’—r’’) and 6(r’+r’’) in Ro does 
not spoil the results, as is seen from the fact that 
satisfactory forms were obtained for ordinary 
and Majorana forces. The interactions are thus 
not applicable to the most general velocity 
dependent potentials but are restricted to either 
ordinary and Majorana forces or else to regular 
R. For as long as R is regular, Ito is a function 
only of k and «x and these quantities change on 
transformation only in the order v*/c?. If, how- 
ever, Ky should contain a factor, 


the corresponding will contain p:7p27 which 
changes on transformation to the order v/c. In 
this case the above discussion does not apply but 
then also Eq. (12.5) connecting Ko and Rp is 
not satisfied unless Ro is made highly singular. 


EXCHANGE EQUATION WITH FoUR COMPONENTS 
PER PARTICLE 


It is probable, although uncertain, that 
Diracian wave equations with four components 
per particle have more direct significance than 
equations of the Pauli type. This is suggested by 
their success for electrons as well as by the fact 
that two component equations are essentially 


NTS 
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nonrelativistic. Inasmuch as experiment® shows 
that the magnetic moment of the proton does 
not have the value predicted by Dirac’s theory 
one may doubt the four component theories as 
well. However, §-decay indicates that field 
phenomena of the general nature of the electron- 
neutrino field are intimately connected with the 
behavior of protons and neutrons. It appears 
likely that this field has to do with the magnetic 
moment of the proton and that a partial de- 
scription can be obtained using a four component 
theory together with a 6-ray field. From this 
point of view it appears useful to know something 
about possible approximately invariant forms of 
exchange equations with four components per 
particles. No attempt is made here at enumer- 
ating and classifying all possible forms and only 
one example will be considered. The equation in 
question has been already used in a calculation 
of relativistic effects in the deuteron by S. Share 
and the writer.'® The interaction energy is 


= —|J—}(aia2)J +3 (air) (eer) f} P™ 


i 
Jr) (or) f 


+f(air)(r[(pi— pe) Xe2 
(14) 


Here the meaning of P™ is the customary one 
of an operator which exchanges the space coordi- 
nates of the two particles and it is thought of as 
the operator 6(r,/—r”’)6(re’—r,'’) in the 16 
component equation and the oe; are four com- 
ponent Dirac’s spin matrices. As in the discussion 
of Eq. (6) plane waves are introduced together 
with four component column matrices a, de. 
The matrices @;, #; are supposed to operate on a). 
Thus a, when operating on P™” x(r,)¢(re) 
operates on components of x even though 
P"x(11)¢(f2) = The part 


JP” (14.1) 


of HZ’ is formally analogous to Eq. (16) but it 
does not correspond to an invariant interaction 
in the sense used here. The part of 3M due to it is 


Mo — (a,*a,) (a2*a2) + (a2"* ace) 
(14.2) 
k= 


On transformation 
6k = v(vk) /2c?—v(E2°— — /2ch. (14.3) 


The first two terms in the brackets of Eq. 
(14.2) form an invariant. The change in 0 comes 
about therefore, due only to the change in J 
multiplied by these two terms as well as due to 
the change in the third term with J and k 
treated as constants. The change in J can be 
neglected when considering the third term be- 
cause it gives rise to a term of order v*/c’*. 
Similarly the second term in the brackets 
multiplied by 67 can be dropped. Thus 


X (dI/dk) /2ke*h + (kv) (a2"*a2) 
+ \(dI/dk)/2ke. (14.4) 


Solutions a, a® of Dirac’s equation for a single 
particle not subjected to external forces for 
energies E, E° satisfy'’ 


(E+ E°)(a*aa) +c(p’+p) (aa) 
+ic(a*[(p—p°) Xe ja)=0. (14.5) 

This can be used to express the terms containing 
@;, a by means of terms in the @. It is legitimate, 
in making the replacement, to approximate 
E+E® by 2 Mc*. This substitution simplifies 
53M» and we have 
— (i(vk) /4.Mc*) (a 1°*a"* { k[ (pe —p2") | 

+k[(pi—pi°) Xo: Jaia2)dI/kdk, (14.6) 
using the fact that E,°—E,+E.—E,°—(pit+pe 


in virtue of 
conservation of momentum. The whole 


M =IMo+M, (14.7) 


and the remaining part 9M, due to terms in 
i/4 Mc of H’ in Eq. (14) is simplified by partial 
integration to 

Mi = (¢/4.Mc) | — pi°) Jk) (ark) 


+(C(P2—P:) (14.8) 
Hence 
= (i(vk) /4. Mc?) { Jk) 
+(L(p2—p:) Jk) }asa2)dI/kdk. 


17 E, Schroedinger, Berl. Ber. 24, 422 (1930). 


7), | 
bit 
cial 
to | 
7’) | 
vas 
nel 
not 
ble 
lay 
Phe 
oes 
ary 
hus 
her 
lar 
ion 
on 
w- 
in | 
but 
is 
nts 
an 
by 
ully 


f 


On combining the last equation with Eq. (14.6) 
and using Eq. (14.7) one finds that 6m=0, 
conservation of momentum having been used 
once more. By means of Eqs. (14.2), (14.8) it 
may be verified that 77’ is Hermitean. 


INVARIANT MATRIX ELEMENTS 


Collisions between particles occurring with a 
high relative velocity can be treated, in the elec- 
tromagnetic case, by means of Born’s method, as 
has been shown by Mller.* This can be done 
only if the nonrelativistic matrix element is 
suitably generalized as has been done in coordi- 
nate space using formal electrodynamics? and in 
momentum space using less formal arguments by 
Mller.* Although the knowledge of the electro- 
magnetic relations is essential for the under- 
standing of the problem it is possible to test it 
for invariance quite independently of the knowl- 
edge of that field. This was discussed in connec- 
tion with Eq. (4.6). It is not possible to ascertain 
the proper generalization of the nonrelativistic 
Coulombian matrix element by considerations 
confined to transformation properties combined 
with a knowledge of the nonrelativistic limit. 
Thus one could use instead of (a1°*a1)(a2°*ae) 
— in the numerator of Mgller’s 
form Eq. (4.6) the quantity (a:°*8a;)(a2*Bae). 
The transformation properties and the non- 
relativistic limit of the new expression for IN will 
then be the same as those of Eq. (4.6). It is thus 
seen that the interactions at high velocities are 
not determinable from nonrelativistic limits and 
require a more intimate knowledge of the field 
responsible for them. Nevertheless it is possible 
to eliminate those which are not suitable. It is 
also conceivable that it is not possible to describe 
the collision between two heavy particles by 
means of a matrix element. This, for instance, 
would correspond to a condition in which at 
high relative velocities two protons are more 
likely to disintegrate each other into neutrons, 
electrons and neutrinos than to scatter each 
other. Experiment shows that at moderate 
velocities the opposite is the case.'* Whether at 
infinite velocities the ratio of elastic to inelastic 


scattering approaches zero or not is not known. 


18M. A. Tuve, N. P. Heydenburg and L. R. Hafstad, 
Phys. Rev. 50, 806 (1936). 
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The ultimate usefulness of generalizations such 
as Eq. (4.6) for nuclear interactions is seen to 
be doubtful both from the point of view of lack 
of uniqueness as well as on account of a possible 
disappearance of elastic scattering to a more 
rapid degree than such equations imply. The 
generalizations are helpful on the other hand for 
the understanding of the mathematical con- 
nections of the theory as well as crude estimates 
of relativistic effects at high velocities. 

The extensions considered are restricted to 
matrix elements for which conservation of energy 
and conservation of momentum hold between 
initial and final states. In this respect they differ 
from the forms invariant to order v?/c?. Clearly 
it is not possible in a completely covariant theory 
to have conservation of momentum without 
having also conservation of energy. For forms 
invariant to order v?/c? the expression IN was, 
nevertheless, found to be invariant independently 
of whether the initial and final states had the 
same energy. It should be remembered here that 
MM is not the matrix element and that it must be 
multiplied by a 6 function of the change in 
total momentum =z before it is used in a perturba- 
tion calculation. Even though #°—x=0 and 
2°’ — x’=0 do not correspond to the same points 
in the space of total momentum and energy the 
quantity 9M can be discussed in either system. 
It will be remembered that in the proofs of 
invariance for forms of order v?/c? the conserva- 
tion of momentum was essential in the discussion 
of terms of the highest order that was taken into 
account. In the proofs, as presented, the equation 
n°= 2 was postulated. The proofs would not be 
of practical value, however, if it were not for 
the fact that in the transformed system also 
n°= 2’. According to Eq. (5.4) this is not an 
exact relation but its inaccuracy does not matter 
in the terms of highest order. It is clearly im- 
possible to make use of such a condition for 
exact relations. It is also clear that Eq. (4.6) 
corresponds to a non-Hermitean matrix element, 
the Hermitean character of the corresponding 
Eq. (4.5) arising through relations expressing the 
conservation theorem for the charge current 
density. 

A given ordinary interaction energy J in 
coordinate space gives rise to a matrix element in 


| | 
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momentum space of the form 916 with 
m= f J(r) exp (tkr)dr 


f (rJ/k) sin krdr=o(k?), (15) 


where k=(pi—p,°)/h, (15.1) 
e=(E, —E,°)/he. (15.2) 
Then (15.3) 


is a relativistic generalization of Eq. (15) which 
automatically agrees with Eq. (15) for low 
velocities. Similarly 


— (15.4) 
is such a generalization. 
For exchange forces one can write down 


similar generalizations. Thus for Majorana ex- 


change 
M= (16) 


ky = (p2°—pi)/h (16.1) 


is the nonrelativistic form of 9M. Here ¢ is the 
same function of ky as in Eq. (15). If one defines 


eu = (E.°— E;)/he (16.2) 


with 


the relativistic generalizations of Eq. (16) are 


= — (a1°* Bas) (a2 Bae), (16.3) 
M = o(ku? —em?)[ (a1°*a1) (a2*a2) 
— ade) (16.4) 


The above forms of IN give invariant results 
for collisions when applied in the first approxima- 
tion of Born’s method. The fact that they are 
not Hermitean does not matter when they are 
used that way. They can be generalized so as to 
give Hermitean matrix elements by using 


in Eqs. (15.1), (15.2) and 


Ky = (P2°—pi— pi? + Pz) /2h, 
€u = —E, 


in Eqs. (16.1), (16.2). Nothing is gained by doing 
so as long as the SM are used in calculations with 


Born’s first approximation. For then the sym- 
metrized expressions are identical with those in 
Eqs. (15.1), (15.2), (16.1), (16.2). For more 
general calculations one obtains, however, in this 
way generalizations of 9% which are Hermitean 
and invariant independently of whether either 
conservation of energy or that of momentum 
holds between initial and final states. Such 
generalizations do not appear to have any 
physical interest for arbitrary interactions be- 
cause they do not necessarily imply in general 
an invariant description of the collision process 
in higher than the first Born approximation. 
Born’s second approximation brings in sums over 
intermediate states having an energy different 
from that of either the initial or the final level.'® 
The intermediate states entering the Born 
formula in K’, when observed in K, have total 
momenta that depend on their energy. They 
cannot be obtained from the intermediate states 
used in K by the Lorentz transformation KK’ 
since the latter have the same momentum as 
observed in K. The possible existence of special 
interaction energies in which the result is 
nevertheless invariant is apparently not ex- 
cluded. A trivial example is offered by © 
matrices diagonal in the energy. In such cases 
calculation shows that Born’s second and first 
approximations transform alike. However, this 
has no practical value because Born’s second 
approximation diverges. An exact relativistic 
description of the collision process along the 
above lines appears to be difficult and may be 
impossible. 


INVARIANCE OF COLLISION TREATMENT WITH 
v*/c? APPROXIMATION 


It will now be shown that the v?/c? approxima- 
tion gives invariant predictions for collisions of 


19 Dirac’s method of variation of constants is frequently 
referred to as Born’s method. In the first approximation 
these methods give the same result. In higher approxi- 
mations Dirac’s method gives the solution corresponding 
to the interaction energy being=0 for <0 and having 
the value demanded by physical circumstances for t>0. 
The time dependent solution obtained by Dirac’s method 
thus corresponds to a physical condition which varies 
with the reference system. Time dependent solutions 
obtained by Dirac’s method in two reference systems 
should not be the transforms of each other. Stationary 
solutions obtained by Born’s method, on the other hand, 
can be the transforms of each other in two systems since 
the ae of simultaneity in two systems is immaterial 
for them. 
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two particles not only in the first approximation 
of Born but exactly. This will be done by using 
a transformation of Cartesian coordinates, sug- 
gested by the Lorentz contraction, which takes 
into account automatically the relations between 
measured momenta and energies in different 
reference systems. The considerations previously 
published suggest the existence of such a trans- 
formation because the equations derived there 
approach the proper limit if many particles form 
a heavy conglomerate in the field of which the 
remaining particle may move. The limit ap- 
proached is the equation for a single particle 
subjected to a field. In this limit the theory is 
very much better than Born’s first approximation 
because the v?/c? correction terms are then exact. 
On the other hand the collision between two 
particles of equal mass when treated by suc- 
cessive approximations using Born’s method is 
not obviously invariant in the higher approxima- 
tions. According to Eq. (5.4) the intermediate 
states in two different systems of reference are 
not the transforms of each other the total 
momenta of the two sets of states being different 
to order v?/c? as measured in one frame. A dis- 
cussion by the formal method of Born and the 
use of Dirac’s arrangement of the calculation 
with time dependent coefficients appear to be 
involved on account of this circumstance as well 
as the complexity of formulas for the higher 
approximations. Instead the wave equation 
corresponding to Eq. (8) will be discussed 
directly in two reference systems and the results 
for the collisions problem will be compared. 
The wave equation to be satisfied is 


pr+p? _ bit 

2M 8 
4Mie 


Ev= |2are+ 


hf 
Cr X(2p2—p:) Jo 


+ 


lv (17) 


In order to avoid complications with different 
times of the two particles this equation will be 
considered here only with E having a definite 
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numerical value. By means of it one can discuss 
the collision of two particles even though the 
wave equation does not contain the time. One 
may in fact look for a solution which consists of a 
product of a function describing the motion of 
the center of gravity and of a function describing 
the relative motion. The latter can be arranged 
to be asymptotic to a plane wave for large values 
of the relative distance and its outgoing parts 
can be used to determine the collision cross 
section in the usual manner. The question as to 
whether this is a justifiable procedure does not 
enter with the point of view taken here; for the 
point under discussion is whether Eq. (17), when 
used for the treatment of collisions by the method 
of stationary states, will give results transforming 
themselves properly. In the frame of reference K 
for which Eq. (17) has been written down one 
may make the transformation 


R=}(titts); P=pitpe; 
(17.1) 
Since the operator P commutes with the right 
side of Eq. (17) it is possible to have solutions for 
which P has a definite numerical value having 


the significance of the total momentum of the 
system. Solutions of the form 


W=9(R)x(r); @=exp (iPR/h) (17.2) 


are possible and lead on substitution into Eq. (17) 
to 


wd P 17.3 
(17.9 


3hf 
4M?c? 
W,=E-2M?2—Wr; 


(17.4) 


17.5 
(17.5) 


4M 8(2M)8c2 


. 
| Ii 
e 
Ww 
th 
ce 
x 
ar 
Ir 
) SU 
| 
fu 
(E 
an 
re: 
Wi 
ex 
mi 
be 
tr 
of 
dif 
K. 
j Th 


4) 


5) 


APPROXIMATELY RELATIVISTIC EQUATIONS 171 


In these equations P= (P,, P,, P,) isa set of three 
c numbers while the vector p is an operator. The 
quantity Wr+2Mc? is the kinetic energy of a 
single particle of mass 2.1 and momentum P. By 
means of Eq. (17.3) one can study the collision 
process in the frame K. The operator on the right 
side of this equation contains the ‘relative 
momentum”’ p and the relative displacement r in 
L. In addition the momentum of the center of 
mass is contained in terms which are not included 
in L. For large values of r the waves for VY are 
asymptotic to a product of two plane waves 
representing respectively incident states of parti- 
cles 1 and 2. The momenta in these states will be 
called po® and the energies By 
conservation of energy and momentum 


E=Ef+E2, P=p,+p.°. (17.6) 


In a manner similar to the above the wave 
equation for the same incident waves can be 
written down in a reference system K’ chosen so 
that P’=0. This is the reference system of the 
center of mass. The equation for the new function 
x’ is 

W,’x'(t') =L(p’, 01, 02)x"(r’) (18) 
with W,’=E'-2Mce, Wr'=0 (18.1) 
and pi’ = —p2”. (18.2) 


Initial states are referred to as before by the 
superscript °. Quite independently of any ques- 
tion as to the time dependence of the wave 
function the transformation formulas relate 
(E,°, px’) with (E,", pi”), (E2°, po”) with po”) 
and hence also (E, P) with (£’, P’) because, in 
regions with sufficiently large r, portions of the 
wave front can be passed through slits and 
examined without affecting the main scattering 
mechanism in the region of small r. Since P’=0 
both E and P are determined by E’ and the 
transformation velocity. Through the definitions 
of W,, Wr, W,’ as given in Eqs. (17.5), (18.1) the 
difference W,—W,’ can be obtained to the order 
v’W,/c?. Let v be the velocity of K’ as observed in 
K. Then 


(18.3) 
The use of these relations gives 
W,— W,’ = —P?W,/8M?c 
= —P*(p?/M—J)/8M*c?, (18.4) 


where the last expression is to be used only if 
W,—W,’ operates on a wave function. Since 
W,—W,’ is of the order vW,/c? the difference 
between p*?/M and p”/M can be neglected in 
Eq. (18.4). On comparing Eq. (18.4) with Eqs. 
(17.3), (18) one notes that the first and third 
terms involving P are directly accounted for by 
W,—W,’ and are simply called for by the fact 
that in K one uses the energy W, rather than W,’. 

It is now necessary to take into account the 
fact that the directions and wave-lengths of the 
plane waves are subject to change on account of 
the Doppler effect that is caused by the transfor- 
mation. For large values of r the wave can be 
resolved into plane waves by Fourier’s theorem. 
The major term in the analysis refers to the 
incident waves However, it is also neces- 
sary to pay attention to the other terms for they 
are essential in the description of scattering. It is 
thus desirable to introduce a correlation between 
all possible relative momenta p in the two 
reference systems in such a way as to agree with 
the formulas of the Lorentz transformation for 
large r. For any state in which the momenta and 
energy have the values (p;, £1), (p2, E2) in K and 
(p:’, Ex’), (pe’, Es’) in K’ (relative velocity along 
x axis), 


Poz= 
Piy=Piy', ete. 
Hence 
= (1+0°/2c*) (pi — poz’) 
pi" — po”) /2Me? ; 
Piy— Poy = Pry’ — Pay’. 


Only those waves can be leaving the system for 
which the total momentum is =0 in K’. There- 
fore, the description of the collision process is 
concerned only with the correct calculation of 
states for which p,’ = —p»’. For such states the 
last term in the expression for p:,— p2, disappears 
and 


p=p’+v(vp’)/2c*. (18.5) 


So far this is an equation between c number 
vectors. It shows how the relative momenta p 
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in the solutions of Eq. (17.3) should be associated 
with the relative momenta p’ in the solutions of 
Eq. (18). It is complicated to be calculating the 
solutions and their Fourier analyses for both of 
these equations. Instead a transformation of 
coordinates will be made in Eq. (17.3) in such a 
way as to make Eq. (18.5) follow. Let 


x=(1—v?/2c*)x’, y=y’, (18.6) 
Then 
p=p’+v(vp’)/2c? ; 
p=(h/i)(0/dx, d/dy, 8/2) ; (18.7) 
p’ = (h/i)(0/dx’, d/dy', 8/dz’). 


Here it will be noted that the quantities p, p’ are 
operators. For large r, when they operate on the 
plane waves that exist there, they may be 
replaced by the coefficients of ir/h, ir’/h and give 
thus automatically Eq. (18.6). 

The transformation used in Eqs. (18.6), (18.7) 
is of the same type as has been used in the 
classical discussions of the electromagnetic field 
of a moving electron by Abraham and Lorentz. 
From Eq. (18.6) 


(vr’)? dJ 


(18.8) 
2c? r'dr’ 


J(r)=J(r') 


The difference p—p’ affects p?/ M so as to remove 
the term in Eq. (17.3) and similarly the term in 
f(Pr)? is canceled by —J(r)+J(r’). Collecting 
(18.4), (18.5), (18.8), substituting into Eq. (17.3), 
and neglecting throughout quantities of order 
v'J/c* one obtains 


r’, oi, 02) 


XP ](ei—@2)}x. (18.9) 


The comparison of this with Eq. (18) shows that 

the two differ only in a term containing 0; —@2 as 

well as in the fact that Eq. (18.9) is on x while 

Eq. (18) is on x’. For large r the wave function 
for each particle is transformed by! 

8? 4Mc 


[pi 


(i=1, 2). (19) 
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Since the whole wave function is a sum of 
products of wave functions for the two particles 
and since for large r each factor must transform 
by Eq. (19) in order to represent correctly the 
behavior of current and particle densities for that 
particle, it is necessary for large r to transform the 
whole wave function by 

v(pi'+po’) iv 
v=)1+—+ + 


Xe 
J 


+ (19.1) 


It does no harm, however, to extend this trans- 
formation to the whole of space because one is 
only interested in the calculation of collisions so 
that it does not matter what the transformation 
is as long’ as it relates correctly the incident and 
outgoing waves. Of course, one cannot be sure 
as yet that the function W’ defined by Eq. (19.1) 
is equal everywhere to the function W’ as defined 
by the original wave equation (17) applied in K’. 
However it will turn out that they satisfy the 
same wave equation. Since they are equal at 
infinity they must be equal everywhere. For 
large r, VW’ is just the wave function in K’. There- 
fore in this region p,’+p2’=0 and 


= 4Mc Vv’. (19.2) 


Here it should be noted that the only operations 
are confined to p’, o1, o2 while v is a c number. 
This is the convenient form for the extension of 
Eq. (19.1). Substituting Eq. (19.2) into Eq. 
(18.9), observing that the operator in curly 
brackets does not affect ® in the highest order 
of magnitude, multiplying finally the resultant 
equation by the reciprocal of the curly brackets, 
one obtains additional terms on the right side as 


iv 
| 
hf 


where v=P/2M is a sufficiently close approxi- 
mation. This term cancels the corresponding 
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term in [r’ XP Jo; occurring in Eq. (18.9). In a 
similar way the term in [r’XP Jes is canceled. 
It is thus seen that the transformation of Eq. 
(18.6) together with the wave equation trans- 
formation of Eq. (19.2) transforms the wave 
equation in the frame K into the wave equation 
in the frame K’. Since at a large distance the 
values of p’ used in the transformed Eq. (17.3) 
and the center of mass Eq. (18) are the same the 
numbers of collisions taking place into cor- 
responding solid angles are equal. No special 
consideration of the geometrical factors is neces- 


sary here anyway since they are the same for 
the Born first approximation as for the general 
case and since they have been found to be satis- 
factory in a previous section. 

Note added in proof: Considerations similar to 
those made for Eq. (17) have been carried out 
also for the Majorana and Heisenberg exchange 
equations. 

The writer would like to thank Professor E. 
Wigner for interesting discussions on the subject 
of this paper and the Wisconsin Alumni Research 
Foundation for its support of the work. 
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The paper contains the rigorous solution of the following problem in multiple scattering: a 
beam of particles impinges with arbitrary velocity distribution upon the plane boundary 
surface of a body which extends towards infinity on the other side of the boundary. In this body 
the particles have a finite probability of being either captured or scattered without loss of 
energy. The probability of scattering shall be spherically symmetrical in the laboratory frame of 
reference. Number and velocity distribution of the returning particles are given explicitly; 
density as well as velocity distribution of the particles inside the body are determined by the 
formulae but not worked out in detail since they lack direct physical interest. The result is found 
to depend on the ratio of the capture to the scattering cross section and on the velocity distri- 
bution of the incident particles. Applying the theory to the diffuse reflection of slow neutrons at 
paraffin surfaces it is found that agreement with observations and previous determinations of 
the capture cross section can exclusively be obtained, if the active level of the “‘deuteron with 
spin zero” is virtual. The connection of these results with some other experiments on the 
velocity and magnetic moment of the neutrons is discussed. 


INTRODUCTION 


EUTRONS before reaching the point of 

observation usually have to travel through 
various layers of different materials in which 
they undergo collisions depending on the nature 
of the material penetrated. These collisions can 
be elastic, inelastic, or capture collisions. Quan- 
tum mechanics has supplied us with a large 
amount of information concerning the single 
processes while the problem of the effect of 
consecutive collisions on the beam has not yet 
in our opinion been solved satisfactorily. A large 


number of authors (Fermi,' etc., Yost and 
Dickinson,’ Wick,’ Ornstein,‘ etc.) have treated 
special cases like the stationary state of neutrons 
that are losing their energy through collisions in 
hydrogenated substances, elastic diffusion of 
neutrons accompanied by capture, albedo, etc. 
Without attempting to enter into any detailed 
discussions of these papers we think that the 
1E. Fermi, Ricerca Scienta. VII-II, 13 (1936). 
2 Yost and Dickinson, Phys. Rev. 50, 128 (1936). 
a9 % C. Wick, Atti del Acad. Reale dei Lincei, 23, 775 


*L. S. Ornstein, Kon. Akad. van Wet. te Amsterdam, 
Proc. XXXIX No. 9 (1936). 
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difference in treatment and results will become 
apparent from our own presentation below. The 
use of the diffusion equation and similar methods 
will appear unjustified on account of the finite 
mean free path of the neutrons; it furthermore 
turns out that the influence of the boundary is of 
far greater importance than would be anticipated. 

In the present paper we treat the problem of 
neutrons, incident with an arbitrary velocity 
distribution upon the plane surface of an 
infinitely extended body which fills the half-space 
x>0O. About this body we make the following 
three assumptions: 

1. Collisions between the neutrons and the 
particles of the body occur without loss of 
kinetic energy of the neutrons. 

2. The scattering of neutrons is spherically 
symmetrical in the laboratory frame of reference. 

3. There exists a finite probability for capture. 

These three assumptions are fairly well satis- 
fied in nature by thermal neutrons incident upon 
a hydrogenated substance and by neutrons of 
higher velocity passing through matter of suffi- 
ciently high atomic number. The question of 
greatest practical importance is at present the 
penetration through hydrogenated substances 
since here experimental data are already present 
which permit comparison between theory and 
observation. (Confer Section 4.) 


SECTION 1. THE FUNDAMENTAL INTEGRO- 
DIFFERENTIAL EQUATION 


In this section the theory of the motion of 


particles suffering multiple collisions in matter 


will be developed, and adapted to the case of 
neutrons incjdent upon a plane boundary. The 
motions of the particles are described by a 
general equation of conservation of particles. 
In order to specify the particle, six coordinates 
besides the time are required, three to determine 
its position, and three to determine its velocity. 
We denote by w(x, y, 2, v2, Vy, vz, t)dxdydzdv,dv,dv, 
the probability that at the time ¢ the particle 
be found in the six-dimensional volume element 
dr=dxdydzdv,dv,dv, located at the point (x, y, 2, 
Vz, Vy, Vz). The general equation of conservation 
states that the change in the number of particles 
in the volume element dz in a small time di, 
given by (dw/dt)didr is equal to the difference 
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between the number of particles entering and 
leaving dr due to their motion, plus the difference 
between the number entering and leaving dr 
due to collisions. In the absence of collisions the 
equation is simply 


(dw/dt)dtdr = —v-grad wdtdr. (1) 


The effect of a scattering collision is to leave 
unchanged the particle’s position in space, but 
to alter its velocity ; while the result of a capture 
collision is to remove the particle from the 
element dr. We denote by 


o(vz, Vy, Vz, —Uz, Vy’ —Vy, —v,)dv,dv,dv, 


the probability (per unit time) that a particle 
suffer a collision removing it from the point (x, y, 
2, vz’, vy’, v2’) into the range dv_dv,dv, at (x, y, 2, vz, 
Vy, Vz). Then the total number of particles entering 
dxdydzdv,dv,dv, in the time dt due to scattering is 
given by 


dtdxdydzdv dv,dv, f w(x, Z, V2’, Vy, Vz’, 


(Vz, Vy, Ve, Vz’ —Vz, Vy —Vy, Vz —V;)dv,'dv,'dv,’, 
while the number leaving is simply 


dtdxdydzdv dv,dv w(x, y, 2, Vz, Vy, Vz, t) 
f O(v2', Vy’, Ve —Vz', Vy—Vy', Ve —Vz' 


The integral in this last expression is just 
the total probability per unit time of any 
scattering collision, which will be called TI. 
In similar manner the probability per unit 
time of capture will be called Q, so that the 
number of particles leaving dr due to capture is 
dtdxdydzdvdv,dv Qw(x, y, 2, Vz, Vy, Vz). Collecting 
the above expressions we obtain the general 
conservation equation 


dw/dt+v-grad w+ (T+2)w 


= f w(r, t)o(v, (2) 


It is desired to apply Eq. (2) to the.case of a 
beam of neutrons incident upon a plane parallel 
plate of thickness a and infinite area. The axis 
of the plate is taken as the x axis; the position 
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of the neutron is specified by the single co- 
ordinate x. It will be assumed the particle loses 
no energy in scattering, so that the velocity is 
completely determined by the angle the direction 
of the motion makes with 0—x. As velocity 
coordinate, we take the cosine of this angle 
denoted by ¢. Only the steady state will be 
considered so that dw/dt=0. The magnitude of 
the velocity will be called u. Then Eq. (2) 
becomes 


Ow 1 
-1 


In the case of spherically symmetric scattering, 
@ is independent of the scattering angle and is 
equal to ['/2 by normalization. Making this 
substitution, and setting A ='+Q2/m, B=I'/2v, 
we obtain 


tdw/dx+Aw=B] w(x, (4) 


-1 


The boundary conditions defining the desired 
solution of this equation will now be investigated. 
It is first observed that the continuity of w 
alone is required, since only the first derivative 
with respect to x appears in the equation. This 
is to be expected from physical considerations, 
since the distribution function itself cannot have 
a step at the edges of the plate, but the rate of 
change will have, due to the abrupt inset of 
collisions. Two boundary conditions may now 
be written down, expressing the fact that outside 
the plate the velocity direction of the particle 
remains unchanged, since no collisions can occur. 
Applied to the incident boundary (defined by 
x=0) this requires that there the distribution of 
particles having a forward motion be simply the 
assumed original distribution incident upon the 
plate; which will be called f(¢). Applied to the 
further boundary (defined by x=a) it requires 
that there the distribution of particles having a 
backward motion be identically zero, since none 
can be scattered back after leaving the plate. 
Summarizing these conditions we obtain: 


w(0,f)=f(0) for ¢>0, (a) 
w(a, ¢)=0 for ¢<0. (b) 
It is instructive to observe that Eq. (2) is of 


the type to which the method of Fokker® has 
been applied. In this method the right member 
is expanded in powers of the displacement to 
which the particle is subject in the assumed 
time interval dt. This expansion is valid only 
subject to certain restrictions on the collision 
function which are not generally satisfied. There- 
fore an exact solution of Eq. (4) has been ob- 
tained, and the result is different from that given 
by the diffusion theory, which is identical with 
Fokker’s expansion carried to the second order. 


SECTION 2. SOLUTION OF THE INTEGRO- 
DIFFERENTIAL EQUATION 


In this section the solution of Eq. (4) under 
the given boundary conditions will be derived. 
Since the distribution inside the plate cannot be 
observed, a complete solution is not required; 
only the values of w at x=0 and x=a are 
physically significant, giving the reflection and 
transmission coefficients respectively. In this 
paper only the reflection coefficient, or albedo, 
will be obtained. 

It is first observed that (4) is a linear, in- 
homogeneous, first-order differential equation in 
x, whose formal solution is given by the integral 
equation 


0 
with w(y) defined by 
W(y)= wy, (6) 
-1 


and with »(¢) an arbitrary function of ¢. Setting 
x=0 in (5) we obtain at once 


=w(0, (7) 


which shows that »(¢) is the distribution at the 
incident boundary, and is equal to f(¢) for 
positive ¢. Setting x=a in (5) and using (7) we 
obtain, for negative ¢: 


cw(0, f (8) 
0 


5 Cf. Max Planck, Akad. der Wiss., Berlin, Sitzungs- 


berichte, Erster Halbband (1917). 
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We now introduce in (4) the Laplace adjoint 
function to w, defined by 


w(x, (9) 


= 
and for brevity we set 


= o(¢, = f (10) 


When o(¢, y) is known, w may be obtained from 
the inversion formula: 


ot+ico 


1 
w(x, age (11) 


which is always valid if there exists a strip 
a<7<6 in the y=7y:1+772 plane within which 
the integral (9) is absolutely convergent, the 
path of integration being defined by taking o 
inside that strip. In our case this strip is the 
whole y plane. Now multiplying (4) by e~7? and 
integrating we obtain | 


of /ax)dx+A e~*wdx 
0 0 


=B J w(x)e-r#dx, (12) 


and on integrating the first term by parts: 


7) 
y)=Bai(y), (13) 


or 
fw(0, $)—fe-w(a, Baily) 


(14) 


= 


Multiplying by df and integrating: 


= f 


1 de 


. (15) 


+Bi(y) 


The treatment will now be confined to the 
special case a=«. The significance of this 
restriction is seen if we set e~77=0 in Eq. (13) 
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and assign to 7 the value —A/¢. We then obtain 
w(0, (16) 


This relation shows that w(0, ¢), in which alone 
we are interested, may be obtained directly from 
(vy) by setting y = —A/¢, without resorting to the 
inversion formula (11). The restriction e~7*7=0 
is therefore equivalent to a([+)/fu>1. For 
thermal neutrons in paraffin ([+2)/v=1/d is 
approximately 3.3 cm™', so that the condition 
is well satisfied by plates of thickness greater 
than 1.5 cm. 
With this specialization Eq. (15) becomes 


1-—B 


The integral on the right may be split into two; 
for negative ¢ we replace ¢w(0, ¢) by the expres- 
sion given by Eq. (8). Hence: 


1 ' ¢w(0, 


or from (10): 
' ¢w(0, 


d¢ 
(19) 


To simplify the form of this equation we intro- 
duce a new variable z=—A/y, and define 
u(z) = —B/z0(—A/z), so that u(¢) =w(0, from 
(16). Finally we let c=B/A=1/2(T+Q). Then 
(19) becomes : 


1 dg  ¢w(0, 
1+ — |= 


of Oar. 


This equation contains only one unknown, the 
function u(z), which is an analytic function of 
the complex variable z and which is identically 
the desired velocity distribution w(0, z) on the 
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Fic. 1. 


segment of the real axis defined by —1<:<0. 
If we consider now the incident velocity distribu- 
tion given by f(z) =6(z—z9),® and introduce the 
symbol p(z) =1 +ozf" d¢/(¢—z) we may re-write 
Eq. (20) as 


os 
o(s)s(2) -——— f (21) 
20-2 | 
In the left half-plane R(z) <0 the function u(z) 
is by definition given by the integral 


u(z) = -B/sf w(x)e4*/*dx, 


from which follows at once: 
I. u(z) is regular in the entire left half-plane 


R(z) <0, and vanishes at infinity like 1/z. 


On the other hand we obtain directly from 

Eq. (21): 

II. The difference p(z)u(z) —o20/(zo—z) is regular 
in the right half-plane R(z)>0, and (since 
lim p(z)=1—2c) also in the right half-plane 


u(z) vanishes at infinity like 1/z. 
It can now be seen that these regularity condi- 
tions I and II are sufficient to define a function 
u(z) as the solution of the integral equation (21). 
To show this we introduce the operator: 


dg (22) 


® The albedo for any desired incident distribution may 
then be obtained by integrating the result over that 
distribution. 


in which u(s) must be regular for R(s) <0. In 
terms of this operator Eq. (21) reads: 


Tu(z) — o20/(2o—2) = 


The operatur 7u may be expressed by a simple 
complex integral : 


(23) 


where L is the path of integration shown in 
Fig. 1. Thus Z includes the point s=z and also 
the segment —1<s<0 of the real axis. To 
identify (22) and (23) we first observe that the 
residue from s =z gives: 


+oz 


Then we may write: 


1d 
f 


o su(s) dé 
—ds (24) 


where L’ does not include s=z. Then inter- 
changing the order of integration and using 
partial fractions we obtain : 


Tu(z) = 1 
u(z) u(a)| —| 
o 


Since L’ does not include s=z the last term 
reduces to 


1 su(s) 


and the complex integral is 0 for positive ¢, but 
is ¢u(¢) for negative ¢. Hence the last term gives 


f cu(¢) 
[—2z 
and (23) is therefore equivalent to (22). (In this 


discussion it is assumed u(z) possesses no singu- 
larities in the left half-plane R(z) <0, a condition 


j 


which we have seen must be fulfilled in order 
that Eq. (20) be satisfied.) 
Using this representation of Ju and setting 


1 oz ds 


Zo—2 


we obtain from Eq. (21) the equivalent equation 


1 oz ds 
— | p(s)u(s) — (26) 
2 Zo—Sds—z 


Since the expression in the bracket vanishes at 
infinity like 1/s the integration path may be 
deformed into the imaginary axis, giving for the 
left side of Eq. (21): 


Now according to condition II the expression 
(pu—oZo/2o—s) is regular and vanishes at in- 
finity like 1/s for R(s) >0. Consequently we may 
take instead of the 7 axis any path parallel to it 
which runs in the right half-plane, and obtain 
therefrom the vanishing of the expression 


s—z. 


which is equivalent to Eq. (21). 

We can express the conditions I and II in 
simpler form by introducing y(z) = — 2) u(z) /ozo, 
obtaining for y(z) the regularity conditions: 


R(z) <0, y(z) regular, (a) 
R(z)>0, y(z)e(z) regular, (b) 
p(Z0)y(20) = 1, (c) 

lim y(z) =constant. (d) 


It is seen that if p(z) can be expressed in the 
form p(z)=:(z)p2(z) where and 1/2 are 
regular in the right half-plane R(z)>0, while p: 
and 1/f; are regular in the left half-plane 
R(z) <0; then the function y(z)=1/p1(z)p2(z0) 
satisfies all above conditions. Such a separation 


is in fact possible. We observe p(«) =1—2¢ and 


define for ¢<}: 
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pi(z) p(s) ds 
=— 1 — (27 


in the left half-plane R(z)<0. In the right 
half-plane log pi(z)/(1—2c)! is obtained by 
analytic continuation. For example the con- 
tinuation may be carried out by proper deforma- 
tion of the integration path in Eq. (27), since 
the function log p(s) is regular in the neighbor- 
hood of the 7 axis, with exception of s=0 as may 
be seen from the relation p(i#)=1—20t arctan 
(1/t)=1—2¢>0. In similar manner we define 
for R(z)>0: 


p2(z) 1 ri p(s) 


ds 
—— (28) 
1—20s-—z 


and obtain the function log p2(z)/(1—2¢)' for 
R(z) <0 by analytic continuation. The deformed 
paths LZ; and Le for the functions log p:(z)/ 
(1—2c)! and log p2(z)/(1—2c)! respectively are 
taken as shown in Fig. 2, including the small 
circle K with center on the positive imaginary 
axis. Inside this circle we have 


log pi/(1—2¢)!+log p2/(1—20)! 


1 ; p(s) ds 1 p(s) ds 
1 p(s) ds p(z) 


og 
1—20s—2 1—2¢ 


Hence log ~:+log p2=log p inside K, and there- 
fore the identity holds for all values of z. Since 
log p: for R(z)<0 and log f2 for R(z)>0 are 
regular the desired separation p(z) = p:(2)p2(z) 
has been obtained. 

Introducing the expression for y(z) in u(z) 
we obtain: 


1. 
= 29 
Zo—% pi(z)p2(Z0) 


The definitions of p:(z), p2(z) may be put in 
more suitable form. Replacing s by it: 
pi(z) 1 ztit p(it) 


=-— ] dt. (30) 


Since p(it) = 1—2ct arctan 1/t is an even function 
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there is no contribution from it log p(it) and 


log p(it) 
(1-20)! 2. 


2a J. 2+f 


Now for R(z) <0 we have 


and hence, for R(z) <0 and o=1/2: 


foe) ] 
log -— 


where ¢(z) is the integral: 


1 log (1—2et arctan 1/t) 
o(2) = dt. 
2 


Similarly for R(s) >0: 
log po(s) = —s¢(s). (34) 
Then 


u(z) = /(g9—3), (35) 


Since u(z)=w(0,z) for s<0 by definition, the 
number of particles leaving the surface at an 
angle defined by z is u(z)dz, and the number of 
these crossing a surface parallel to the plate 
per unit time is —su(zs)dz since the velocity 
component normal to the plate is the fraction 
—sz of the total velocity. The total number 
crossing such a surface per unit time, which is 
the albedo (for normalized incident intensity), 
is therefore given by 


B= su(z)dz. (36) 


SECTION 3. GENERALIZATION FOR VARIOUS 
VELOCITY DISTRIBUTIONS 


In this section there will be derived expressions 
for the albedo when the distribution of incident 
particles either is uniform, or obeys a cosine law. 
As a first step we obtain a relation for 


(z)dz 


from (21), letting 
0 
lim zu(z) = (37) 


Now letting z—— © in (33) we obtain lim z¢(z) 


=log (1—2c)!, and using this in (35): 


lim su(z) = (38) 


— 


Equating (37) and (38): 


f zu(z)dz= (39) 


For a general initial distribution f(z) this must 
be averaged, giving the general result : 
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[1— (1-20) ler" Js f(s)ds 


sf(s)ds 


1 


J 


J sf(s)ds 


Now 8 has the form 1—C(1—2c)!, where in 
general C is of course dependent on oc. It is 
therefore sufficient in the case of small (1—2c), 
which corresponds to small capture cross section, 
to compute the factor C for ¢=3, the error in C 
being of order 2/I (or 1/N in Fermi’s notation). 
Now for a uniform incident distribution f(s) =1, 
for a cosine law f(s) =2s, so that we require the 
values of 


1 1 
ff and f seroas for ¢=}. 
0 0 


In order to obtain these values we first observe 
that Eq. (20) possesses the particular solution 
u(z) =1/a—z in the special case that the incident 
distribution is given by w(0,¢)=1/a—¢; in 
which a must satisfy the relation: 


1+ a0 log a—1/(a+1)=0. (41) 


This solution has no physical significance, the 
value of a given by (41) being an eigenvalue of 
the equation which fits no reasonable boundary 
conditions. Nevertheless it is of assistance in 
deriving certain relations concerning u(z). Since 
Eq. (35) gives the value of u(z) for an arbitrary 
incident direction, its integral over the incident 
distribution 1/a—s must give 1/a—z. 


1 sete) 
— f ds (42) 
a-z o (s—z)(a—s) 


using s as integration variable. Replacing z by 


—zand splitting into partial fractions we obtain: 


1 sese(s) sese(s) 
atz a+tz“yls+z a-s 


Now inserting in the left member of (39) the 
value of u(z) given by (35) there results: 


9 z¢(z) 
1 20-3 (44 


or setting s=—s: 


sese(s) ; 
f (45) 
0 S+Zo 


This gives an alternative expression for the first 
term on the right side of (43), the insertion of 
which yields readily : 


(1—20)! 
ds= (46) 
0 


a-s 


1 


a log (a+1)/(a—1) 
from (41). This equation gives us immediately 


the value of 
1 
0 


for when The result is: 


1 1 sere s) 
sereds=tim af ——ds 
e 0 0 a-—s 


=lim a/o(1—2¢)! 


in which o may be replaced by 


= 2/s/3. 


An expression for 


1 
0 


will now be derived, subject to the same approxi- 


a+l1 


=lim a? log 


Qo — 


sera 
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q 
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mation ¢=}. Setting =} in (45), 
2 1 sese(s) 1 7! 
= ——ds. (48) 
ste o 1+s/z 


Expansion of the denominator in powers of s/s 
gives: 


2 


and hence 


2z 
sere ds — (50) 


It is apparent from Eq. (49) that the terms in 
the bracket become equal as z—«, and hence 
the limit as written is indeterminate. We there- 
fore write the factor z as 1/z in the denominator, 
and differentiate numerator and denominator 
independently to obtain the limit : 


f 


(51) 


Now it is convenient to modify the form of 
Eq. (33). Changing the integration variable in 
Eq. (33) from ¢ to st we obtain: 


= 


log (1 —2etz arccot at) 
-dt 
0 


log 3f2?(1—st arccot st) | 
0 1+? 


1 log 3f2? 
+f dl. 


For brevity we call the first term —g(z), the 
last is equal to 


log 32? dt 1 log 
+-[ 
1+f 


But we have: 


a= - dt 
o 1+f o 


--f log 1/F dt, log 


——dl 


1+1/f 1 


log 
= -{ at (53) 
1 14+f 1 


“dt 
Thus we obtain, noting 
Jo 2 
so(s) =log (\/3)s—g(s) (54) 
1 
and = ——e0(s) (55) 
V3 
with “(= (56) 
It is now observed that 
lim arccot st ]=1 (57) 
and therefore lim g(z) =0 (58) 


To find g’(z) we write: 


eo 
g(2) = -f (59) 
where /i(s) =3s?(1—s arccot s). Let 2t=r: 
dr 2 e?h(r)dr 
(60) 
and hence 


1 h(r) 2? h(r) 
-——-d dr (61) 
0 2+r Te’ 9 (2?+ 7°)? 


172 
Then — lim 2’g’(z)=—] h(r)dr (62) 
0 
and 
1 
seeds =lim 
0 2-000 
(63) 
= log 3f(1—¢ arccot ¢)dt. 
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| | | 
=lim 222—| —— ]. | 
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| 
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The definite integral may be put in a numerically 
more tractable form: 


f log 3(1—¢ arccot t)dt 
0 


log 3 cot? 4(1—¢ cot t) 
at 
0 


sin? ¢ 
3(1—¢ cot 
/2 log cos? ¢ log 
-{ +f sin? ¢ 
0 sin? ¢ 0 dt 
sin? ¢ 
(64) 
=[tan ¢ log sin? 
3(1—¢ cot 2) 
where sin? ¢ 
dt 
sin? 
log (1—cos? 1/2) 
=—r+ +J=—-r-+I. 


cos 7/2 
By numerical integration J=0.90, and hence 


1 2 0.90 
(65) 
0 /3 


SECTION 4. INTERPRETATION OF THE RESULT; 
COMPARISON WITH OBSERVATION 


With the aid of the formulas derived above it 
is now possible to write explicit expressions for 
the albedo in the cases in which the incident 
distribution is normal, uniform, or cosine law. 

Normal incidence : f(¢) = 6(1—¢) 


=1—2.91(1—20)! 
=1-—2.91[1/(N+1)']. (66a) 
Uniform distribution : f(¢) =1 
=1—2.31(1—20)! 
=1—2.31[1/(N+1)"]. (66b) 
Cosine law distribution : f(¢) = 2¢ 
=1—2.48(1—20)! 
=1—2.48[1/(N+1)!]. (66c) 


The result obtained can be made physically 
plausible by considering separately the case of 


o=3 which gives the albedo 1. In the absence 
of capture processes an incident particle if 
followed in its path through the material can 
only either escape to infinity or after successive 
collisions arrive again at the surface and escape 
towards negative values of x. Consider a particle 
after its first collision in the distance, say, x» 
from the boundary; then the probability to 
travel to “infinity” before it again hits the 
surface x=0 is vanishingly small. All incident 
particles therefore again leave the material. On 
the other hand for a finite probability of capture 
the problem reduces to the determination of the 
probability that a particle will be captured 
before again hitting the surface. This probability 
is a finite number which increases with increasing 
capture cross section and therefore leads to 
values for the albedo smaller than 1. 

Amaldi and Fermi’ have attempted to ap- 
proach the geometrical conditions underlying our 
problem and to determine experimentally the 
albedo for the case of thermal neutrons in 
paraffin. From his theoretical discussions of the 
case Fermi obtained for the albedo the expres- 
sion: B=1—2(1/N)', which leads to the value 
124 for N if Amaldi and Fermi’s result 8=0.82 
is employed. On the other hand, if Amaldi and 
Fermi’s experimental value for the albedo is 
taken and our numerical coefficients are used, 
we obtain for N the following values respectively 

(a) Normal incidence : 261 

(b) Uniform distribution : 164 

(c) Cosine law distribution: 189 
From our data given above it becomes apparent 
that the ratio of capture to scattering cross 
section is always considerably smaller than that 
assumed by Fermi, but can be determined by this 
method with sufficient accuracy only if we have 
better information about the velocity distribu- 
tion of the incoming particles. Considerations 
based on the diffusion equation lead Fermi 
to the distribution law f{(@)=cos 6+,/3 
which would give for N a value slightly below 
200. 

It is now of importance to compare the 
possible values obtained for N from our theory 
with the second theoretical determination for V 
which follows from the comparison of the calcu- 


7E. Amaldi and E. Fermi, Phys. Rev. 50, 899 (1936). 
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lated cross sections of scattering and capture 
due to interaction of proton and neutron. If it 
is assumed that the capture of a proton by a 
neutron and the accompanying emission of 
gamma-radiation is due to the magnetic dipoles 
of the proton and neutron, the theory® leads to 
the following expression for NV 


Cv 


67 
(up— wx) 6")? (67) 


in which v stands for the velocity of the neutrons; 
up and py denote respectively the algebraic 
value of the magnetic moment of the proton and 
the neutron in nuclear Bohr magnetons; ¢« and 
e’ stand for the absolute value of the energy 
level of the compound nucleus proton plus 
neutron, the first referring to the normal deuteron 
nucleus with spin 1 the second to the deuteron 
“with spin 0’; C is a numerical constant de- 
pending on atomic constants and nuclear energy 
levels, the exact definition of which is without 
interest for us at this moment. The upper or 
lower sign is valid, depending upon whether the 
“deuteron with spin 0” represents a stable or an 
unstable state. 

Numerical evaluation of (67) leads to the two 
values 188 and 76 for N depending upon whether 
the “‘deuteron with spin 0” has a real or virtual 
level. It is furthermore assumed that the neu- 
trons have thermal energy and that the values 
for up and wy equal 2.9 and —2 nuclear Bohr 
magnetons, respectively. 

Before comparing these values with the one 
obtained from the albedo measurements it must 
be remembered that (67) holds true for the 
interaction of free protons and neutrons whereas 
the observations have been carried out with 
bound protons. The scattering cross section in 
the latter case is approximately three times that 
of free protons.® We therefore obtain finally for 
comparison the two values 565 and 230 for N. 

It is obvious by inspection that the value of 


124 obtained by using Fermi’s numerical factor 


® Bethe and Bacher, Rev. Mod. Phys. 8, 129 (1936). 
®H. A. Bethe, Rev. Mod. Phys. 9, 127 (1937). 


differs almost 100 percent from the least value 
possible. Agreement can be obtained with our 
theory by assuming a velocity distribution of 
the incident neutrons which lies between the 
cosine law and perpendicular incidence and only 
for the case of a virtual level of the ‘‘deuteron of 
spin 0.”’ The existence of a real level seems to 
be definitely excluded. 

As satisfactory as this agreement might ap- 
pear, there are still certain difficulties involved 
in the interpretation which do not permit us to 
say that a complete proof of the capture theory 
of neutrons has been established. Recent evi- 
dence’ makes it quite possible that the value for 
the proton moment has to be reduced to 2.5 
nuclear Bohr magnetons. A corresponding re- 
duction in the absolute value of the neutron 
moment to 1.65 nuclear Bohr magnetons so as 
to maintain the relation that proton moment 
minus neutron moment equals deuteron moment, 
increases the value of N according to (67) by 
the factor 4/3. 

Furthermore recent experiments by M. D. 
Whitaker" on the scattering of neutrons by 
paramagnetic substances” have raised doubt 
whether the neutron velocity is really down to 
thermal values and whether the neutron has a 
magnetic moment as large as the additivity 
rule mentioned above would postulate. In both 
cases the value of N would increase and diffi- 
culties would arise for the presently accepted 
theory of deuteron formation. 

The calculation presented above seems to 
indicate that the transmission coefficient for a 
finite thickness of the scattering body would 
become to a certain extent independent of the 
velocity distribution of the incident neutrons. 
It therefore appears possible to obtain an exact 
solution to the problem for plates of finite 
thickness. The authors are working on this 
question and on the extension of the theory to 
include inelastic scattering processes. 


10 Estermann, Simpson, and Stern, Phys. Rev. 51, 1009 


(1937). 
uM. D. Whitaker, Phys. Rev. 52, 389 (1937). 
”® Halpern and Johnson, Phys. Rev. 52, 52 (1937). 
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The Energy Distribution of Photoelectrons from Sodium 


A. G. HILL* 
University of Rochester, Rochester, New York 


(Received December 3, 1937) 


The total energy distribution functions for photoelectrons emitted from evaporated sodium 
surfaces have been determined over a wide range of frequencies, by the use of the retarding 
potential method with concentric spherical electrodes. Theoretical energy distribution curves 
have been computed assuming an image field at the surface and following the general theory 
of Mitchell. It is shown that the theory does not fully account for the experimental results. ) 
The discrepancy can be accounted for by assuming a selectively transmitting surface field 
with a transmission maximum at 0.5 electron volts. The spectral distribution function for the 
image field has also been computed and compared with the experimental data. Again the 
agreement is not satisfactory and is only partly corrected by the use of the selective trans- 
mission barrier. It is concluded that the freguency dependence of the quantum absorption prob- 
ability and the energy dependence of the barrier transmission probability differ from the image 
field predictions. This discrepancy is probably not caused by lack of refinements in the theory, 


but by the practical impossibility of producing an “ideal” surface of Na. 


INTRODUCTION 


HE general theory of the surface photo- 

electric effect in metals was first given by 
Mitchell! and extended by Schiff and Thomas,? 
and recently by Makinson.* Mitchell made com- 
plete calculations only for the case of a dis- 
continuous potential step (square barrier) at the 
metal surface. The corresponding calculations for 
the image force barrier were made by Myers,‘ 
whose results showed an improved agreement 
with experiment. Neither theory, however, 
accounts completely for the observed photo- 
electric yield curves for the alkali metals, and in 
the latter case no calculations were made of the 
energy distribution. 

The experimental work described in this paper 
was undertaken for the purpose of obtaining 
more complete data on the total energy dis- 
tribution functions for clean sodium surfaces 


interested in the spectral distribution function 
which is an integral of the energy distribution 
function. Hence errors in the wave functions 
would have a greater effect on the energy dis- 
tribution curves. The latter curves thus furnish 
a more exacting test of the theory. 

The general assumptions made in this com- 
putation have been stated by Mitchell, and will 
be only briefly summarized here. Tamm and 
Schubin® have shown that the photoelectric 
effect in metals can be divided into two parts, 
one due to the surface field, and the other due 
to the periodic potential field inside the metal. 
They have shown that the latter effect would 
contribute very little to the total current near 
the threshold so only the surface effect will be 
considered. The metal will be taken to lie on the 
negative side of the plane x=xo. For x<xo 
the potential energy will have the constant 


over a wide frequency range. Since the results value —W,=—e*/4x0, where xo is determined I 
obtained were not in agreement with any of the from the relation Wa=hvo+(h?/2m)(3N/ 8)§; 
existing theories it was decided to try toimprove that is, the height of the potential barrier is 
Myers’ image field calculations by using more taken from the Sommerfeld theory as the sum of ¥ 
exact wave functions. Myers was primarily the work function and the width of the Fermi ‘ 
acai” . band at 0°K, N being the number of free elec- 

*Now at Massachusetts Institute of Technology, trons per unit volume. The work of Wigner and , 
OR teen Prec. Roy. Soc. A146, 442 (1934); Proc, Seitz’ has shown that this approximation is a pf 
Sis 056)” Soc. 31, 416 (1935); Proc. Roy. Soc. A153, good one for sodium, since the electrons in the t 

?L. I. Schiff and L. H. Thomas, Phys. Rev. 47, 860 b 
(1935). . 5 Tamm and Schubin, Zeits. f. Physik 68, 97 (1931). _ 


3 R. E. B. Makinson, Proc. Roy. Soc. A162, 367 (1937). 
*R. D. Myers, Phys. Rev. 49, 938 (1936). 


®E. Wigner and F. Seitz, Phys. Rev. 43, 804 (1933); 
Phys. Rev. 46, 509 (1934). 
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highest band are essentially free, and there is 
about one free electron per atom. If one uses the 
observed value of the work function, 2.35 volts, 
W. is then found to be 5.50 volts. Outside the 
metal the potential energy is given by —e®/4x. 
That the image field is a close approximation to 
the actual field for an ideal Na surface has been 
shown by Bardeen,’ and for other surfaces by the 
experiments on the Schottky effect. 

The initial wave functions for the electrons 
are determined by solving the unperturbed 
Schroedinger equation, and the absorption 
probabilities are calculated by considering the 
transitions from negative to positive energy 
states as induced by the electric vector of the 
light wave. In Mitchell’s work the electric 
vector is assumed to be unaffected by the surface 
field. A second-order theory taking into account 
the perturbation of the electric vector has been 
discussed by Schiff and Thomas and by Makin- 
son, but the computations involved are quite 
laborious and have not been incorporated in the 
present treatment. 


THEORY 


From the model just described several general 
conclusions can be drawn concerning the photo- 
electric emission per unit incident energy. First 
we should expect that the current arising from 
electrons initially in a particular state with 
momentum components K,, K,, K., will depend 
on the number of electrons per unit volume in 
that state, as given by the Fermi function, 


n(K,, K,, K,dK.dK,dK; 
2(2m)! dK dK dK, 
exp [(K2+K,2+K2—w)/kT]+1 


Here the momenta are in units such that 


where w is the kinetic energy and wy» is the width 
of the Fermi band at 0°K. 

The current will also be proportional to the 
probability that an electron in state K,, K,, K, 
absorb a quantum hy, and then escape through 
the potential barrier at the surface. Since the 


barrier is a function of the x-coordinate only, 


7J. Bardeen, Phys. Rev. 49, 653 (1936). 


the x-component of momentum alone will be 
affected in this process, and therefore this 
probability is a function of v and K,, and we 
call it p(y, K,). Multiplying by e we find the 
current is given by, 


2-(2m)'e 
f f p(v, 
exp| 
kT 


XdKdKdK,, (1) 


where the integration is to be carried out over 
all states. The function p(y, K,) is defined so 
that it is equal to zero for those states for which 
emission is impossible, i.e. for K2+hv< Wa. 

If an electron of energy w absorbs a quantum 
hv and escapes from the metal it will appear 
outside the surface field with energy 


u=wthv—W,. 
Now let u=nt+K,7+K-. 
Then n=K2Z+hv—W,. 


n is the ‘‘normal” energy outside, since K, and K, 
are not changed by the emission process. 

Since here we are interested in the total 
energy distribution function it will be convenient 
to transform Eq. (1) to the new coordinates u, 7 
and gy, where 

K,= (W.—hv+n)}, 
K,=(u—n)! cos ¢, (2) 
K,=(u—n)' sin ¢. 


Then dKdK,dkK, 


1 1 
= dudnd g = ——dudnd ¢. 
4(W.—hv+n)! 4K, 


Using this transformation the saturation pho- 
toelectric current becomes, on integration over ¢ 
from 0 to 27. 


[(u—uo)/kT | 2K. 
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Fic. 1. Probability functions for the image field theory. 


where up is the maximum energy of escape at 
0°K given by the Einstein equation. 


Up =Wothv— =hv—hyv. 


It is understood that the K, appearing in 
Eq. (3) is regarded as a function of 7. 

If the emission takes place from a point 
source at the center of a spherical electrode at 
negative potential V/e, the current voltage rela- 
tion is given by 


© 
1, 


h3 
du “pv, 


The energy distribution function is the de- 
rivative of this expression with respect to V, i.e., 


1 p(v, Kz) 
dn, (5 
2K, 


where Vo=%p. 
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The probability function p(y, Kz) cannot be 
computed exactly without the use of wave 
mechanics. However, to obtain an approximate 
formula we can assume that the probability of 
an electron absorbing a quantum is proportional 
to the number of times per second that the 
electron appears at the surface, that is, pro- 
portional to the normal momentum, 


b(v, Kz)=f(v) (6) 
where f(v) is some slowly varying function of »v. 
Substituting this expression in (5) and carrying 
out the integration, we have, 
V 


N(v, V)= f(v) 


This expression, considered as a function of V, 
is linear at low energies for all frequencies, with 
the usual Fermi tail in the neighborhood of 
V=Vo. It is identical with the approximate 


formula developed by DuBridge® from statistical — 


reasoning based on somewhat different assump- 
tions as to the mechanism. The quantum- 
mechanical treatment shows DuBridge’s formula 
to be the exact one for the special case in which 
the probability factor is of the form assumed in 
Eq. (6). If it is assumed in addition that the f(v) 
of Eq. (6) is a slowly varying function in the 
vicinity of vo, then substitution into Eq. (3) 
yields at once the Fowler expression® for the 
spectral distribution. | 

It is evident that the task of the more exact 
quantum mechanical treatment is to deduce a 
more exact expression for p(v, Kz). It will be 
more convenient to determine the function 
Q(», n) defined by 


Kz) 


Q(», n) =const. X 


pL», (W.—hv+n)'] 


=const. X 


This is the second integrand of Eq. (3) and will 
be referred to as the probability of photoelectric 
emission. This function can be evaluated for the 
image field barrier by the method of Mitchell 


8’ L. A. DuBridge, Phys. Rev. 43, 727 (1933). 
®*R. H. Fowler, Phys. Rev. 38, 45 (1931). 
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(1935 paper). Since the wave functions for the 
image field are not expressible in terms of simple 
functions, this part of the theory cannot be 
put in analytical form. These wave functions 
[Mitchell (1935), Eqs. (12) and (19)] are con- 
fluent hypergeometric functions, and in our 
work they have been determined by expansion 
in the known asymptotic series for large values 
of x (10 to 30A), and then integrating inwards 
numerically. The photoelectric current can then 
be evaluated by means of Mitchell’s equations 
(43) and (46). Then by comparison with our 
expression (3), the functions Q(», 7) can be 
evaluated. 

The result of such calculations, made for un- 
polarized light incident upon the surface at 60°, 
is the set of curves shown in Fig. 1 where 
numerical values of Q(», 7) are plotted against 7 
for various frequencies. The photoelectric current 
per unit incident power, at a given frequency and 
for a particular retarding potential V/e, is then 
given by inserting these functions in the equation 


1 3h 1 
I(v, =— x 
300 (hv)? 


co du u 
v, n)dn. 
x | | (8) 


The numerical values of Q(», n) of Fig. 1 are 
such as to give J in amperes per watt, providing 
hv, u, n and kT are expressed in electron-volts. 
The saturation current is simply obtained by 
setting V=0. 

The total energy distribution function is then, 


from Eq. (5) 


N(v, V)« 


(hy)? 
1 


Xx 
exp [(V—Vo)/kT]+1 


The “normal” energy distribution function can 
also be expressed in terms of the functions 
Q(v, n). It turns out to be, 


1 
v, Vy 


Qv, n)dn. (9) 


n(v, Vy) ax 


where Vy/e is the applied linear retarding 
potential. The absolute values of the constants 
are never determined in energy distribution 
measurements and have been omitted here. 

The functions Q(»,) are seen to be prac- 
tically independent of » for frequencies within 
1.5 volts of the threshold which is at 5250A. 
This means then that for frequencies in this 
range p(v, K,)«K, and hence the image field 
theory gives approximately the same energy 
distribution function as does DuBridge’s theory ; 
i.e. the functions are linear at low energies with 
a rapid variation near the point V= V» due to 
the Fermi factor. 

Equations (8), (9) and (10) should hold for 
any type of surface field, with the free electron 
model, providing Q(v, n) is chosen accordingly. 
For the square barrier we find 


8W, [n(W.—hv+n) }! 
(hv)? (Won)! 
providing as before that the energy terms are 
expressed in electron volts. These functions are 


plotted in Fig. 2. Comparison of Figs. 1 and 2 
shows that the principal difference between the 


n) =13.54X (11) 
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Fic. 2. Probability functions for the square barrier theory. 
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Fic. 3. Experimental photo-cell. 


two types of barrier lies in the dearth of slow 
electrons predicted on the square barrier picture. 
This would be expected because of the high 
reflection coefficient of the square barrier for 
slow electrons. The transmission coefficient T(n) 
is easily computed once the wave functions are 
known. Table I gives a comparison of the trans- 
mission coefficients for the two types of field for 
a barrier of total height W,=5.5 volts. The 
reflection from the image field is seen to be almost 
negligible as was first pointed out by Nordheim.!° 
As will be shown below the difference between 
the curves of Figs. 1 and 2 is largely accounted 
for by this factor T(n) alone. 


EXPERIMENTAL 


To determine the experimental energy distri- 
bution functions the retarding potential method 
was used with concentric spherical electrodes. 
The photoelectric cell used is shown schemati- 
cally in Fig. 3. The collecting electrode, C, was a 
spun copper sphere 8 cm in diameter; the 
emitting electrode, E, was a sodium surface 
evaporated on a small metallic sphere 1.0 cm in 
diameter. The electrode E was supported by a 
long tungsten rod, W, sliding in nickel bearings. 
By means of an external magnet it could be 
removed from the collector for depositing a 
fresh sodium surface, or for outgassing. The 


TABLE I. Transmission coefficients for square and image 
barriers for Na (Wa=5.5 volts). 


n (Volts) 0.0 0.14 0.34 O.54 0.75 1.35 2.57 
T (n) Square Barrier 000 .467 .711 .765 924 
T (n) Image Field 950 .967 .979 985 .994 


10L. Nordheim, Proc. Roy. Soc. Al21, 626 (1928). 
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sodium used had been prepared by two or three 
distilldtions in an auxiliary vacuum system. 
After one distillation in a side tube attached to 
the experimental tube, this side tube was sealed 
off. The remainder of the sodium was distilled 
once more before depositing on the small sphere. 

All metal parts except the collecting electrode, 
C, were outgassed thoroughly with an induction 
furnace. It was not possible to outgas the col- 
lector in this manner so the entire tube was 
baked out at 500°C, until the pressure had 
reached a steady value of 10-7 mm of Hg or 
below as measured by an ionization gauge. 
Two or three weeks of baking were generally 
required for this outgassing. While several 
attempts were made to seal off the photo-cell 
from the pumping system, this process did not 
yield stable surfaces and most of the readings 
were taken with the tube on the pumps. 

The photoelectric currents were measured by 
an FP-54 amplifier circuit with a 10" ohm 
resistance, a null method being used. Currents 
of 5X10-'® amperes could be measured accu- 
rately. The illumination was furnished by a 
quartz mercury arc resolved by two Bausch and 
Lomb quartz monochromators in tandem. No 
scattered light of other wave-lengths could be 
detected with this system. 

The photoelectric currents were determined as 
a function of retarding potential for various 
sodium surfaces at wave-lengths from 6250A to 
2302A. Since the cleanest sodium surfaces were 
insensitive to light above 5300A the longer wave- 
lengths apply only to ‘“‘sensitized’’ surfaces. 
While no attempt was made to measure accu- 
rately the absolute photoelectric currents per 
unit incident intensity, rough measurements 
were made of the relative saturation currents as 
a function of frequency in order to determine the 
threshold, and therefore the contact potential 
difference, which must be known if the voltage 
scale is to be fixed. 

For the surfaces deposited under best vacuum 
conditions no appreciable variation of photo- 
electric properties could be detected for a period 
of about 30 hours after deposition. After 30 
hours a slow “‘sensitization’’ was noticed which 
amounted to a red shift of photoelectric threshold 
at the rate of about 0.01 volt per day. Conse- 
quently only those curves obtained in the first 
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few hours after formation of the surface have 
been taken as representative of the clean metal. 
Of course whether or not even these surfaces 
were really ‘‘clean” is always open to question ; 
however, the curves obtained in this manner 
were reproducible from one surface to another. 


RESULTS AND DISCUSSION 


A. Energy distribution functions 


A representative set of the observed current 
voltage curves for a clean surface is shown in 
Fig. 4. Since the image field theory is essentially 
the same as the DuBridge approximation we can 
compare theory and experiment by means of the 
logarithmic plot of current against voltage de- 
scribed by DuBridge. Such a plot is shown in 
Fig. 5 for several wave-lengths. The agreement 
with theory is good for energies near the maxi- 
mum (where the Fermi function is important) 
but is poor for low energies of emission. This 
lack of agreement becomes more striking if we 
compare the differentiated experimental curve 
with the theoretical energy distribution curve, 
Eq. (9). Fig. 6 shows the experimental curve and 
the theoretical curves for both types of barrier. 
The three curves have been made to coincide 
at the most probable energy. 

For frequencies near the threshold the experi- 
mental results indicate a relative lack of slow 
electrons (as compared to the linear relation) 
which suggests a high reflection coefficient 
similar to that of the square barrier. But farther 
from the threshold the experimental curves have 
an inflection point corresponding to a relative 
lack of fast electrons. This inflection point 
occurs at about 0.5 volt for all frequencies, 
except for those within 0.5 volt of the threshold. 

Since Q(», n) represents the probability that a 
metallic electron with normal energy (n —hv+ W,) 
absorb a quantum and appear outside the metal 
with normal energy », it may be broken up into 
two factors; a probability of excitation to a free 
state E(v,) and a probability of penetrating 
the surface barrier 7(n), i.e., we put 


Q(v, n) =E(», )T(n). 


For the image field theory 7(n) 21.0, therefore 
E(v, n)=Q(», n) and is practically independent 
of ». For the square barrier practically all the 
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Fic. 4. Experimental current-voltage curves. 


dependence of Q(n, v) on 7 is due to the factor 


™ 4[n(W.+n) 


and E(v, 7) shows much the same dependence on 
v and » as the same factor in the image field 
theory although the absolute values are higher 
for the square barrier. This can be seen by 
dividing Eq. (11) for Q(», n) by the expression 
for T(n) above, giving 


2W., (W.—hv+n)! 
(hv)? (Wa+n)! 


which is nearly independent of » for hy < W.. 
Equation (9) can be written 


1 
(hv)? exp [(V—Vo)/kT]+1 


E(v, =13.54X 


N(v, V)« 


x E(v, »)T(n)dn, (12) 


but since E(v,) is approximately equal to 
E(v, 0) for both theories, we obtain the approxi- 
mate equation 


1 
Xx 
exp [(V—Vo)/kTJ]+1 


Vv 
f T(n)dn. (13) 


We have seen that the experimental energy 
distribution curves for all frequencies show 
positive curvature below 0.5 volts and negative 
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Fic. 5. Comparison of observed points with the DuBridge theoretical curve. 


curvature above 0.5 volt. On the basis of Eq. (13) 
this can be interpreted by postulating a selec- 
tively transmitting barrier, with a maximum 
transmission coefficient at 0.5 volt. In fact all 
our energy distribution measurements on “‘clean’”’ 
sodium surfaces may be fitted within the limits 
of experimental accuracy by inserting in Eq. (13) 


4350 A 3650 A 


Fic. 6. Energy distribution functions. I. Experimental. 
II. Image field theory. III. Square barrier theory. 


a function 7(n) having the form shown in 
Fig. 7. 

There are of course obvious objections to the 
assumption of a transmission coefficient of this 
type. But there are even more serious difficulties 


in the way of attributing the experimental - 


behavior to a different form of the excitation 
probability E(v, 7). The dependence of this 
function on 7 is, as we have seen, not very sensi- 
tive to the form of the barrier. It would be 
difficult to imagine a barrier for which it would 
have the required form. A barrier with selective 
transmission however is quite within the realm 
of possibility and such barriers have been dis- 
cussed by Fowler" and others. 


It would be of interest to determine whether - 


the necessity of postulating a transmission 
coefficient of this type is a peculiar property of 
these particular sodium surfaces or whether it is 
indicated also in other cases. As will be shown 
later small amounts of impurity introduced on 
the cleanest Na surfaces do not change the form 
of the curves, while large amounts greatly alter 
the shape of the “‘tail’” without serious effect on 
the low energy part. If we examine data on other 
metals we find in general that the experiments 
were confined to frequencies so close to the 
threshold that a selective transmission with a 


11 R. H. Fowler, Proc. Roy. Soc. A128, 123 (1930). 
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peak at 0.5 to 1.0 volt would not have shown up. 
It is of interest to note however that the data of 
Roehr™ on Mo, as analyzed by Rudberg," and the 
data of Liben on Ca show a low transmission 
coefficient for slow electrons (<0.5 volt) of the 
type found in our experiments. The experiments 
of Brady® on thin films of K show the same 
effect but the results of Henshaw'* on such films 
show close agreement with the image field 
theory. It would be of interest to extend such 
measurements to frequencies 2 or 3 volts from 
the threshold, if possible, to determine whether 
there is a reduced emission of electrons of these 
energies in other cases. 

Up to this point we have tacitly assumed that 
the energy distribution function as derived from 
the current voltage curve measured at the 
collector is identical with the energy distribution 
of the electrons leaving the emitting surface. 
There are however certain sources of error to be 
considered. (1) Errors due to geometry; e.g., 
finite size of emitter, lack of spherical symmetry, 
etc. The tube used was designed to reduce such 
errors to where they are no greater in magnitude 
than ordinary errors of measurement of currents, 
etc. (2) Reflection of electrons from the collector. 
This problem has recently been treated in detail 
by Houston and Overhage" for the case of plane 
parallel electrodes. Their experimental data show 
clearly the presence of considerable reflection— 
particularly when the collector was covered with 
a thin film of alkali metal. In the spherical case 
errors from this source are less important, since 
electrons reflected from the collector have a 
large chance of missing the small emitting sphere 
and returning again to the collector. Further- 
more such a reflection will be a function of the 
energy with which electrons reach the collector 
and not of the emission energy. That is, it will 
introduce into Eq. (13) a function of (n—V) 
rather than of 7. The results of the present 
experiments cannot be accounted for by such a 
factor. The high reflection of the emitter for 


2 W. W. Roehr, Phys. Rev. 44, 866 (1933). 
1 E. Rudberg, Phys. Rev. 48, 811 (1935). 
“]. Liben, Phys. Rev. 51, 642 (1937). 
eg J. Brady, Phys. Rev. 46, 768 (1934). 
C, L. Henshaw, Phys. Rev. 52, 854 (1937). 
"We V. Houston, Phys. Rev. 52, 1047 (1937); C. F. G. 
Overhage, Phys. Rev. 52, 1039 (1937). 


slow electrons is quite in line with Houston's 
conclusions. 


B. Spectral distribution functions 


Comparisons of the theory with experimental 
spectral distribution functions for potassium 
have been made by Mitchell and by Myers. 
The latter has shown that the image field theory 
improves the situation, but neither theory 
accurately reproduces the experimental curves. 
Mann and DuBridge'® have recently measured 
the absolute yield of photoelectrons from 
sodium, and since their surface had the same 
work function as found in these experiments we 
can compare their curve to the theoretical one 
computed from Eq. (8). The experimental and 
theoretical curves are plotted in Fig. 8, curves I 
and II, the theoretical maximum ordinate having 
been arbitrarily set equal to the experimental 
maximum. Actually the observed yield is about 
ten times as large as predicted, but this can be 
accounted for qualitatively by multiple reflec- 
tions in the cell and by surface roughness. 

If the transmission coefficient of Fig. 7 is 
introduced into Eq. (8) the computed curve has 
the form of curve III of Fig. 8. The agreement 
with the experimental curve is somewhat im- 
proved but is still not good. At least the results 
on spectral distribution are not in conflict with 
the assumed form of T(n) but they indicate that 
the frequency dependence of E(v, ) is not yet 
correctly given by theory. It is always possible 
that traces of impurity on even the ‘“‘cleanest”’ 
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Fic. 7. Proposed transmission coefficient. 


as 1937). M. Mann and L. A. DuBridge, Phys. Rev. 51, 120 
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surfaces or microscopic irregularities of various 
sorts will introduce fields which the theory does 
not take into account, and which greatly affect 
both E(v, 7) and 7(n). The theory might be 
somewhat improved by the incorporation into it 
of the Schiff-Thomas method of treating the 
electron-light-wave interaction. But it seems 
most likely that the results must ultimately be 
accounted for by wide departures from the 
simple image field. In view of Bardeen’s work 
which shows the surface field for an ideal Na 
crystal to be very close to the image field, we 
must conclude that experimental technique is not 
yet equal to the task of producing “‘ideal” 
surfaces of the alkali metals. There is ample 
evidence to support this conclusion. 


C. Impurity effects 


While no systematic study of impurity effects 
was attempted a few interesting points may be 
mentioned. Very small amounts of impurities, 
produced by merely lowering the pumping speed 
for a few minutes, for example, caused a small 
threshold shift toward the red and a corre- 
spondingly small change in the saturation 
current. The energy distribution curves were 
altered as shown in Fig. 9, I and II. The ordinate 
scales have been chosen arbitrarily for con- 
venience and differ from one curve to the next. 
It is apparent that the shape of curve changes 
very little with small doses of gas, in fact these 
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Fic. 8. Spectral distribution functions. I. Experimental. 
a roe field theory. III. Image field theory modified 
y 4(n). 
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Fic. 9. Impurity effects. I, Clean surface. II, Slight 
contamination. III, Large contamination. 


curves can be analyzed in exactly the same 
manner as the curves for the cleanest surfaces. 
However if the amount of impurity is con- 
siderably increased the curves show a quite 
different behavior ; the high energy tails no longer 
fit the Fermi function for room temperature but 
seem to represent a distribution for a much 
higher temperature. Curve III was taken from a 
surface contaminated rather violently by allow- 
ing the liquid-air trap to warm up for several 
minutes. The threshold shift and apparent tem- 
perature increase are very pronounced. The 
failure of the tails of such curves to agree with 
the Fermi factor can be qualitatively accounted 
for by postulating the existence of patches of 
different work function, the experimental curve 
being a composite of contributions from different 
patches. No simple patch theory however can 
account for the departures from theory of the 
“clean surface’? curves for which the tails are 
correctly represented by the Fermi factor. We 
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have found the shape of the tail to be a sensitive 
function of surface impurity and only the 
cleanest surfaces show agreement with the Fermi 
factor. Once the Fermi tails are obtained how- 
ever further precautions in outgassing procedure 
produce no further changes in the curve form. 

In conclusion the author wishes to express his 


indebtedness to Professor L. A. DuBridge under 
whose direction this work was begun and to Dr. 
F. Seitz and Dr. M.S. Plesset for many helpful 
discussions of the theoretical aspects of this 
problem. Thanks are also due to the Bausch and 
Lomb Optical Company for the loan of a 
monochromator. 
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HE recent advances in cloud chamber 
technique have made possible the measure- 
ment of such high energies of cosmic-ray cor- 
puscles that one is led to inquire how much of the 
total energy of the cosmic radiation appears in a 
measurable form in the cloud chamber. It is 
possible to estimate the total flux of cosmic-ray 
energy across a unit surface, since all of this 
energy must eventually appear at points below 
the unit surface in the form of ionization and the 
excitation of atoms. Thus if we know the 
ionization at each point below our surface, we can 
integrate it and so obtain the total flux of energy 
through the surface. If we know also the number 
of corpuscular rays, we can obtain the mean 
energy per ray at any point. This can then be 
directly compared to the cloud chamber obser- 
vations. 

If we wish to consider only rays coming in near 
the vertical, as is the case in most counter 
controlled cloud chambers, we must know not the 
integral of the total ionization but the integral of 
the ionization produced by the vertical rays. For 
depths below the top of the atmosphere greater 
than four meters of water, where all the rays may 
be considered to travel straight paths,! the 
ionization produced by vertical rays, V, may be 
obtained by Gross’ equation,? from the total 


1W. F. G. Swann, G. L. Locher and W. E. Danforth, 
Phys. Rev. 51, 389 (1937): Nat. Geog. Soc. Contributed 
Tech. Papers, Stratosphere Series, No. 2 (1936). 

2 B. Gross, Zeits. f. Physik 83, 214 (1933). 


ionization, J: 
2xV=I1—hdI/dh, (1) 


where / is the depth below the top of the 
atmosphere. The mean energy is then 


2 


where n(i) is the number of vertical rays per 
second per square centimeter per unit solid 
angle, and J the energy expended to form one ion. 
Substituting from Eq. (1) and integrating the 
second term by parts we have, 


a 
Idh 


This we shall evaluate from the data of various 
observers. Since it may be of interest, in other 
connections, to obtain the mean energy of all 
the rays crossing a horizontal unit surface, we 
write also the expression for this mean energy: 


f Idh 


arf n(h, sin @ cos 
0 


Er=J 


To evaluate these expressions, we have chosen 
for the values of the ionization below sea level 
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the observations of Kramer*® as corrected for 
residual ionization by Ehmert.‘ These observa- 
tions were multiplied by a constant factor so that 
the ionization at sea level was 2.48 ion pairs/cc/ 
second as given by Millikan.’ The values of the 
ionization above sea level were taken from 
Millikan and Cameron, and Bowen, Millikan and 
Neher.® For the counting rate below sea level, 
the observations of Ehmert* were employed, and 
above sea level the results of Swann and Danforth’ 
were used. The angular distribution of cosmic- 
ray particles counted at sea level was taken from 
Johnson and Stevenson. The number of rays 
crossing a horizontal square centimeter 0.664 
meters below the top of the atmosphere was 
obtained by integrating the results of Swann, 
Locher and Danforth.' All the counter obser- 
vations were normalized to the value 1.33 x 107° 
per square centimeter per second per unit solid 
angle at sea level for the vertical direction.* The 
value of J was taken as 32 volts per ion pair. 
Table I gives the results of the calculations. For 
depths below the top of the atmosphere greater 
than 43 meters of water, Ehmert gives empirical 
formulae for the ionization and the number of 
rays. These result in the expressions in the last 


3 W. Kramer, Zeits. f. Physik 85, 411 (1933). 

4A. Ehmert, Zeits. f. Physik 106, 757 (1937). 

5 R.A. Millikan, Phys. Rev. 39, 397 (1932). 

6 R. A. Millikan and G. H. Cameron, Phys. Rev. 37, 235 
(1931); I. S. Bowen, R. A. Millikan and H. V. Neher, 
Phys. Rev. 52, 80 (1937). 

7W. F. G. Swann and W. E. Danforth, Phys. Rev. In 
process of publication. 

8 T. H. Johnson and E. C. Stevenson, Phys. Rev. 43, 


583 (1933). 
®J. C. Street and R. H. Woodward, Phys. Rev. 46, 


1029 (1934). 


line of Table I. The values of the mean energy 
found in this way are illustrated in Fig. 1. 
Curve A gives the mean energy of the vertical 
rays, curve B the mean energy of all the rays 
crossing a horizontal square centimeter. It will 
be noted that the mean energy increases with 
increasing h. This is representative of the fact 
that there is a distribution of energies in the 
primary cosmic radiation, since the mean energy 
of the rays produced by a primary of a given 
energy must always decrease with increasing h. 
The mean energy at 0.664 meters below the top 
of the atmosphere is 1.46X10° volts, and since 
the earth’s magnetic field excludes vertically 
incident rays of energy less than 6X10° volts, 
the mean energy must increase to some value of 
this order at the top of the atmosphere. This rise 
is indicated by the dotted portion of curve B. 

We are now in a position to compare the results 
of the cloud chamber observations with those of 
these calculations. We choose for this purpose the 
observations of Blackett.!° Blackett measures 
the energy distribution of the vertical rays up to 
energies of 2X10! volts. Using his energy 
distribution, one finds that the total energy of the 
1015 rays of energy less than 2X10!° volts is 
2.44 X10" volts. He observes in addition 42 rays 
of energy greater than 2X volts, which must 
have a total energy greater than 0.84 10" volts. 
Therefore the mean energy will be somewhat 
greater than (2.44+0.84)x10"/1057, or 3.11 
X 10° volts. This may be compared directly to the 
value calculated above for vertical rays at sea 
level, viz.: 3.04 10° volts. 


10P. M. S. Blackett, Proc. Roy. Soc. A159, 1 (1937). 


TABLE I. Calculations of integrals for different values of h. 


E E 
J{ Idk J f Vdh ad 
h, METERS 10" vouts n(h) 
OF WATER cm™~? SEc.~! sEc.~! sEc.~! 10° 
0.664 217. _— 0.687 1.49 — 1.46 
4. 32.6 21.2 0.172 0.241 1.23 1.35 
6. 14.6 8.20 0.0593 0.0767 1.38 1,90 
8. 11.1 5.09 0.0260 0.0364 1.96 3.05 
10.3 9.53 4.03 0.0133 0.0194 3.04 4.91 
12. 8.70 3.58 0.0101 _— 3.55 — 
18. 6.72 2.86 0.00596 — 4.80 _; 
25. 5.29 2.32 0.00345 — 6.73 as 
43. 3.41 1.55 0.00149 0.00242 10.40 14.10 
>43 90 1.69/h-7 2.74/h' 0.243h 0.328h 
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These figures agree closely with each other, 
and we are led to the conclusion that, at sea 
level, practically all of the energy in the cosmic- 
ray beam is carried by charged corpuscles. These 
figures rule out the possibility of any appreciable 
contribution of energy by photons, neutrons, or 
other nonionizing entities. 

The above conclusion is based on the assump- 
tion that all the energy of the cosmic radiation is 
eventually dissipated in ionizing and exciting 
atoms. If there are other means by which cosmic 
rays can lose energy, such as by the production of 
neutrinos," then the energy lost in this way 
must be carried by nonionizing particles at sea 
level. The circumstance that, in the cloud 
chamber results, we are dealing with the pene- 
trating component of the cosmic radiation which 
may consist of particles with higher rest masses 
than electrons, has only a very small effect on the 
measured energies, since the energies under 
consideration are high compared to the rest mass 
of the particles. The condition that most of the 
energy be carried by charged corpuscles would 


1 W. Heisenberg, Zeits. f. Physik 101, 533 (1936). 


é 
te 


Fic. 1. The mean energies of cosmic-ray particles at 
various depths in the atmosphere. 


not obtain on the present theory” of the passage 
of a beam of high energy electrons and their 
secondaries through matter. In that case we 
should expect approximately equal amounts of 
energy to be carried by electrons and by photons. 
If suitable cloud chamber observations were 
available, taken at a high elevation, this point 
could be directly tested, as has been done above 
for sea level. 


J. F. Carlson and J. R. O heimer, Phys. Rev. 51, 
220 (1937); H. J. Bhabha and W. Heitler, Proc. Roy. Soc. 
A159, 432 (1937). 


rgy 
ical 
will 
the 
ven Melers of Weber 
rh. ¢ 
nce 
ally 
Its, 
> of 
rise 
4 
ults 
2 of 
the 
ires 
» to 
rey 
ays | 
just 
Its. 
hat 
11 
the | 
sea 


JANUARY 15, 1938 


PHYSICAL REVIEW 


VOLUME 53 


LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


Artificial Radioactivity Produced by Cosmic Rays 


In a recent paper! having the above title, Clay and Van 
Tijn have reported observations which they interpret as 
evidence for radioactivity produced by the cosmic radia- 
tion. These observers have reported that when 5 tons of 
iron were placed over an ionization chamber as a shield of 
55 cm thickness, the ionization did not immediately de- 
crease to its final value, but decayed exponentially with a 
half-value time of 8.6 minutes.? The value of the ionization 
ten minutes after the operation of moving the iron was 
started was 1.75 times the final value. We have endeavored 
to observe this phenomenon under conditions such that any 
possible effects of the mechanical stresses produced by the 
movement of large masses would be avoided. 

A layer of 23 Geiger-Miiller counters whose cylinders 
were 20 cm long and 1 cm in diameter was placed immedi- 
ately below the top of an enclosure shielded with approxi- 
mately 25 cm of lead, a space being left below the counters 
for the insertion of four plates of iron 22 by 28 cm? and 1.27 
cm thick. The pulses from the counters were equalized 
and made to discharge a condenser. This condenser was 
recharged every 30 seconds, and the ballistic throw of a 
galvanometer caused by the charging current was observed. 
The plates of iron were placed side by side outside the 
shield, and observations were started. After a time the 
plates were piled beneath the tray of counters under the 
shield, observations being made continuously. Had any 
radioactivity been produced in the iron, the counting rate 
should have increased upon the introduction of the iron 
and then decayed exponentially. No change in the initial 
counting rate was observed, within the probable error of 
1.5 percent. 

We should expect the percentage increase in the counting 
rate to be proportional to the change in the cosmic-ray 
intensity produced by the shield, and to the thickness of the 
iron from which the radioactive radiations can reach the 
counters. We determined the change in cosmic-ray intensity 
caused by the shield by placing another layer of counters 
similar to the first as close as possible (5 cm) below the first 
layer, and counting the coincidences between the two. The 
ratio of intensity outside to that inside the shield was 1.24. 
Clay and Van Tijn do not state the change in cosmic-ray 
intensity in their experiment, but the ratio of the ionization 
with their shield to that without the shield was 1.7. Since 
some of this ionization was undoubtedly caused by gamma- 
radiation from the air, this factor 1.7 represents an upper 
limit. Assuming that the range of the radioactive radiation 


is a few centimeters of iron, as would be the case for a 
gamma-radiation, we should have expected an effect 
greater than 60 percent of the shielded counting rate, i.e., 
40 times our probable error. On the other hand, it is con- 
ceivable, although there are many theoretical arguments to 
the contrary, that the radioactive radiation had such an 
extremely long range that all of the iron in Clay and Van 
Tijn’s experiment contributed appreciably. We should even 
then have expected the easily detectable increase of 5.4 
percent. 

There still remains the possibility that the decaying 
ionization observed by Clay and Van Tijn was produced by 
one or more simultaneous particles each of which produced 
a number of ion pairs large compared with that formed by 
an electron. Because of the high pressure employed this 
seems unlikely, and cloud chamber data offer no support to 
this explanation. 

We may express the probable error of the zero effect 
observed here more concisely. It may be shown that if we 
have n atoms which may be made radioactive, the initial 
counting rate.which would be observed when these atoms 
were suddenly placed under a shield is 


nJEo(i—e*)/xt, 


where J is the change in cosmic-ray intensity, E the effi- 
ciency of the counters for recording a disintegration, \ the 
decay constant of the radioactivity, ¢ the time of observa- 
tion, and o the cross section for production of a radioactive 
atom. If we assume that the range of the radioactive radia- 
tion is greater than 5 cm, we may take »=6.6X 10", 
J=3.7X10-% cm™ sec.!, E= 107, t=2.5 min., and we may 
state the result of our experiment as 


o=0+5.4X 107 /2.5d] cm?. 


For a half-life of 8.6 min. the quantity in brackets is 1.06 
and approaches unity as \ approaches zero. 

The authors wish to express their thanks to Dr. G. L. 
Locher for the loan of his scale of 64 counter circuit, and to 
Professor W. F. G. Swann for his helpful discussion of the 
matters involved herein. 

W. E. RAMsey 

C. G. MONTGOMERY 

D. D. MontTGoMERY 
Bartol Research Foundation of the Franklin Institute, 


Swarthmore, Pennsylvania, 
December 16, 1937. 


1J. Clay and M.S. Van Tijn, Physica 4, 909 (1937). 
2? Clay and Van Tijn state that the “‘time of decay"’ is 8.6 minutes. 
We interpret this to be the value of the half-life. 
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LETTERS TO 


The Kinetic Theory of the Motion of Ions in Gases 


A paper with this title,! written in 1915, has received so 
little notice that at the request of the editor I send a brief 
note describing it and giving references to two papers in 
which results contained in it have been rediscovered. The 
paper applies Boltzmann's equation to the motion of ions 
and electrons in gases. Hilbert reduced the equation to an 
integral equation when the collisions are those of elastic 
spheres. The paper begins with a reduction when the law of 
force is any function of the distance between ion and 
molecule, the corresponding extension for a single gas 
having been announced by Lunn in the preliminary draft of 
a paper which has apparently never been published. Lunn 
also pointed out that the equation is reduced to one of one 
degree of freedom by the use of Legendre’s coefficients. I am 
not here giving any references which can be found in my 
paper. 

As a first application the coefficient of diffusion of a 
simple gas into itself is found for elastic collisions, putting 
the mass of the ion equal to that of the molecule. The dis- 
tribution function is found numerically. When the mass of 
the ion is small, it is shown that Lorentz’ formula applies 
at most to the initial stages of the motion, since there can 
be no final steady velocity of a stream of ions in an electric 
field when the molecules are immovable. If the mass of the 
molecule is finite, it is possible to have a final state in which 
the average kinetic energy of an ion exceeds that of a 
molecule, which was first put in evidence by Townsend. 
The rise of energy in weak fields is regulated by the quan- 
tity b=2e*h?E* M/3N*x*o'm, where E is the electric force, 
M the mass of a molecule and m that of an ion, and the rest 
of the notation is usual in the kinetic theory of gases. The 
distribution function is approximately proportional to 
(p?+5)* exp (— where is proportional to the velocity. 
This formula has been rediscovered by Davydov.* The ratio 
k of the mean kinetic energy of ion and molecule is calcu- 
lated for small values of b, and as } tends to zero the limit- 
ing ratio of kR—1 to v®/{ is 37/8, where v is the velocity of 
drift and Q the root-mean-square velocity of a gas mole- 
cule. When the mass of an ion is much larger than that of a 
molecule, Boltzmann’s equation reduces to a partial 
differential equation. 

The kinetic theory of the motion of ions in a magnetic 
field was first treated by Gans. My paper deals partly with 
an inverse fifth power law of repulsion and partly, like 
Gans, with ions of small mass colliding elastically. The 
equations of diffusion in a magnetic field are shown to 
contain cross terms, and a geometrical argument by which 
Townsend sought to justify his equations without cross 
terms is shown to be capable of another interpretation. 
These results have been rediscovered by Tonks.’ Lastly, 
the work on elastic collisions is extended to collisions of 
constant restitution less than unity, and some previous 
results of the author are corrected. 


F. B. Pippuck 
Corpus Christi College, 


Oxford, England, 
December 14, 1937. 


! Pidduck, Proc. London Math. Soc. 15, 89 (1915). 
? P. Davydov, Physik. Zeits. Sowjetunion 8, 59 (1935). 
3L. Tonks, Phys. Rev. 51, 744 (1937). 
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Heavy Beta-Rays from RaE 

Equation (4) of the previous letter by the writer! reads 
moc? (1 — Bo?) = pmgc® (1 — (1) 
where mp is the rest mass of the ordinary electron, Soc is 
the maximum speed with which the beta-rays of a radio- 
active transformation are ejected, pmo is the rest mass of 
the beta-rays which are ejected with a velocity 8c. For 
RaE the maximum kinetic energy is 1.05 Mev. Since 

moc? =0.51 Mev, (1) may be written 


p=3.06(1—8*)}. (2) 


Applying the writer’s own theory to the published curves 
for the magnetic spectrum of beta-rays from RaE, the 
writer estimates that the beta-rays are most prevalent for 
a value of p about 2.75. From (2) the corresponding 8 is 
0.44. By means of a velocity selector in a mass spectro- 
graph I obtained beta-rays of speed 0.44c. The condenser 
plates of the selector were 1.05 mm apart. A sample of 
RaE was placed at one end of the plates. The beta-rays 
traveled a length of 5 cm in the crossed electric and mag- 
netic fields into a space in which the magnetic field alone 
was present. The deflection of the beta-rays was measured 
on a photographic film placed perpendicular to the line of 
travel of the beta-rays between the plates and at a distance 
of 3.5 cm from the end of the condenser plates opposite to 
that at which the RaE was placed. The voltage V across 
the plates and the deflection s from the undeviated beam 
are shown in Table I. 


TABLE I 


FILM H Vv | B | s p 

247 3440 0.441 0.80 2.4 
2740 0.437 0.58 2.6 

374 3950 0.335 1.09 3.8 


The experimental values of p for the first two films agree 
reasonably well with the theoretical value 2.75. The ex- 
perimental value of p for the third film differs from the 
theoretical value 2.88 by an amount greater than is com- 
fortable. When correction is made for the fact that the 
range of 8c allowed through the selector is an estimated 
+0.08¢ and that for values of p between 2.75 and 3.06 
lighter electrons are more prevalent than the heavier, the 
average fc let through is not 0.335¢ but more like 0.375c. 
The experimental value of p is then 3.34 which is within 
experimental error of the theoretical value 2.88. The esti- 
mated error is perhaps 0.5 in p. The writer believes that 
at present the best chance of showing the effect above 
described is to select those beta-rays which are the most 
prevalent. These have a velocity of 0.44¢c. 

The subject of this and the previous letter was presented 
at an informal meeting of the Physical Society at Indian- 
apolis on December 30, 1937. 


G. E, M. JAUNCEY 
Wayman Crow Hall of Physics, 
Washington University, 
St. Louis, Missouri, 
December 30, 1937. 


1G. E. M. Jauncey, Phys. Rev. 53, 106 (1938). 
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Excited States of the Alpha-Particle 


Because of recent improved expressions for forces be- 
tween nuclear constituents a re-examination of the excited 
states of the alpha-particle, whose existence was first 
predicted by Feenberg,! seems to be in order. A very direct 
approach is afforded by a variational method of calcula- 
tion, such as the one recently described and applied to the 
ground states of H* and He‘ by Warren and the author.? 

In this paper an approximation to the ground state was 
obtained with the use of individual particle coordinates. 
These are, of course, unsuitable in the problem of excited 
states. It is therefore necessary to carry out the variational 
calculation in normal coordinates, similar to those em- 
ployed by Feenberg: 

c=2-4. (1) 
The notation regarding functions used in this note will 
otherwise be the same as explained in Eqs. (3), (4), (5) of 
reference 2. The interaction is taken to be formally equal 
between all particles, 

Ui = — (1 (2) 
For the numerical work, the constants 

A=35.5 Mev, a=2.25X10-" cm, g=0.194, 


have been chosen. 

I. Singlet states. For the singlet states of the alpha- 

particle the energy operator has the form 

ij — (1 —2g) (3) 
where T is the kinetic energy operator, J;;= Ae~"#i/@, 
is extended over unlike, and =® over like-particle pairs. 
The Coulomb energy is neglected throughout this discus- 
sion. If expression (3) is transformed by (1) the P;;’s be- 
come simple linear substitutions between the p’s. 

To investigate the stability of the 2P state I have chosen, 
after discarding several functions whose effect is small, a 
linear combination of the following ortho-normal set: 

y= 100 dooo 
¥2= (3) [ + J, 
One thus obtains, for example, 


o ho 

where \ and @ are two convenient variation parameters. 
A contour plot of Hy against \ and o shows that Hy 
cannot be negative with the above choice of A, a, and g. 
It increases uniformly as both ¢ and \ grow, having the 
value zero for c=\=0. But the plot exhibits a groove for 
\=1. The next step was to calculate His, Hx, Hos, Hs 
and to evaluate them for different values of o in the groove 
\=1. For each of these values the lowest root of the deter- 
minant |H;;—Eé,;;| was determined. This root, considered 
as a function of o, showed the same monotone increasing 
behavior as did Hy, although it was lowered by about 
35 percent. Higher functions will, to be sure, depress it 
further, but the effect is expected to be relatively small. 
This, together with the general behavior of the root, leads 
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to the conclusion that there exists no stable 'P state in 
the discrete spectrum of the alpha-particle. 

A similar investigation of the 2S state using 3 ortho- 
normal functions leads to the conclusion that there may 
be a singlet 2.S state near the limit of the discrete spectrum, 
but this state would certainly lie above —8 Mev and 
therefore disintegrate into H* and a proton, if not even 
into two deuterons. 

II. Triplet states. The “spin-free’’ Hamiltonian for a 
triplet state has the form T—(1—g/2)=J;,Pi;—JuPu 
—(1—2g)Ji2P 2 if y is antisymmetrical in the coordinates 
of 3 and 4. Let us call this function u. There is then another 
triplet function P;3P24u which, in the absence of spin de- 
pendent forces, produces the same variational energy as u. 
Because of the presence of Heisenberg forces in (2) the 
two combined give two states: 

E=Hyutg/2(H) uv 
and the interaction operator turns out to be 

KH = JisP 13+ JP — 23 — JisP is. 

For « I have taken a combination of the following two 
functions: 

dooo i100, 

200 dooo dioo™. 
The behavior of Hy if plotted against \ and o@ is very 
similar to that of the corresponding 2P element for the 
singlet case. In particular, there is no region in which it is 
negative. Hz lowers it by about 25 percent, but there is 
no indication of a minimum which might be further de- 
pressed by the inclusion of more functions. Hy» is in 
general about twice as large as //,, but the small factor 
g/2 makes it ineffective. To give typical values: For 
\=0.8 (“groove”) and o=1, Hi=13 Mev, H»=54 Mev, 
Hy.= —12 Mev, while H.»=21 Mev. Thus Mev 
and E=(9.8+2.1) Mev, values which lie far in the con- 
tinuous spectrum and have, of course, no physical meaning. 

Energies derived by a variational method are in general 
too high. But it seems almost certain that the present 
method will not miss a stable level by more than a few 
Mev. The conclusion is, therefore, that the alpha-particle 
possesses no excited P states if the forces are of the type 
here assumed (Eq. (2)) and if the constants adopted are 
approximately correct. If the range of the forces were as 
large as 2.8X 107! cm (with the force constants changed 
to produce the correct binding energy) the P states would 
become stable. 

The difference between the present results and those of 
Feenberg! is due to the inclusion of exchange forces in the 
present calculation. Their effect is to decrease the stability 
of the P levels. An explanation for the y-rays observed by 
Crane and co-workers,* such as that proposed by Bethe 
and Bacher,‘ appears to be untenable. 

I am grateful to Mr. W. A. Tyrrell for checking much 
of the algebra leading to the results here presented, and to 
Dr. E. Feenberg for illuminating discussion. 


Yale University, H. MArRGENAU 


New Haven, Connecticut, 
December 9, 1937. 


1 Feenberg, Phys. Rev. 49, 328 (1936). 

2 Margenau and Warren, Phys. Rev. 52, 790 (1937). 

3 Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 48, 125 (1935). 

4 Bethe and Bacher, Rev. Mod. Phys. 8, 147 et seq. (1936), apparently 
assumed that exchange forces would render the P states more stable. 
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LETTERS TO 


Magnetic Interaction in Heusler Alloy 


The ferromagnetic alloy of manganese, copper and alu- 
minum, discovered by Heusler,! is now regarded? as a super- 
structure alloy having the ideal composition Mn Cu, Al, 
the manganese atoms being in face-centered cubic arrange- 
ment with a=5.950X10-° cm, If the permanent magnetic 
moment present is, as usual, wholly ascribed to manganese 
atoms the magnetic moment per atom may be taken as 
P=3.14X10-* (gaussian units), corresponding to a satura- 
tion magnetization Imax+580. Even higher values than 
this have been advocated.’ 

These data permit a calculation of magnetic interaction 
and resultant ferromagnetic anisotropy, as explained in a 
recent paper.‘ The following numerical values of quantities 
listed in Table III of that paper are obtained: PX 10° 
=3.14; 2pa=1.71X10-® (Slater5); N=4; aX108=5.950; 
p=0.144; \=0; Fy= —0.1244; Fe=0.0145; K, (quadrupole 
part)=+0.42; K, (sextupole part) = —0.36; K, (total) 
= +0.06; Kz (sextupole) = +3.96 (all K, in 10° erg-cm~). 

The experimental work available for comparison® has 
been interpreted’ as giving Wiio— Wioo= —0.224X 10° 
erg-cm™*, corresponding to K,=—0.9X10~° erg-cm™. 
Nothing is known about Ko». 

The theory at this stage agrees with experiment only in 
giving a small absolute magnitude for K,. The disagree- 
ment of signs could be removed by supposing an expansion 
of the 3d electron shell of manganese in the alloy (increase 
in p), which would allow the sextupole contribution, pro- 
portional to p‘, to increase with respect to the quadrupole 
contribution, proportional to p?. The high value of P 
negatives the hypothesis \=0 which would otherwise be 
attractive, since it gives Fy=+0.2488; Fs=+0.0516; Ky 
(quadrupole part) = —0.84; K» (sextupole part) = —1.28; 
K, (total) = —2.12. 


Sloane Physics Laboratory, 
Yale University, 
New Haven, Connecticut, 
December 29, 1937. 


1F,. Heusler, Verh. d. D. phys. Ges. 5, 220-223 (1903). 
mane” Bradley and J. W. Rogers, Proc. Roy. Soc. Al44, 340-359 

2S. Valentiner and G. Becker, Zeits. f. Physik 83, 371-403 (1935), 
suggest 20 Weiss magnetons per atom, that is, P =3.71 X 10-° (gaussian 
units). 

MckKeehan, Phys. Rev. 52, 18-30, 527 (1937). 

=" . Slater, Phys. Rev. 36, 57-64 (1930), column 2S», Table I (d), 


p. 6 
6 ii. H . Potter, Proc. Phys. Soc. 41, 135-142 (1929). 
7L. W. McKeehan, Trans. A. I. M. E. 111, 11-52 (1934). 


L. W. McKEEHAN 


On the Lower Bounds of Weinstein and Romberg in 
Quantum Mechanics 


Weinstein! has proposed as a lower bound for the lowest 
eigenvalue the expression J, —(I2—J,*)}, where 


h=SyHydr, S(Hy)*dr, 


¥ being any (normalized) approximate wave function, and 
the usual notation being used. This result has not been 
accepted as being rigorously proved, however, and Rom- 
berg? has given an example purporting to show that Wein- 
stein’s expression may lead to wrong results. Romberg has 
also proposed the expression —(J2)* as a lower bound. It 
can, however, be shown that Weinstein’s lower bound (or 
rather a generalization of it) holds rigorously when the 
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conditions for its validity are properly formulated. Rom- 
berg'’s example of apparent failure is, in fact, fallacious. We 
wish to point out also that a more advantageous use can be 
made of the constant denoted below by a. 

Let the function y satisfy the following conditions: (a) ¥ 
satisfies the boundary conditions of the problem,’ (b) both 
y and Hy are expansible in series of eigenfunctions which 
converge ‘‘in the mean’’.* Further, let a be a real constant 
satisfying Ey<a=(Eo+F,)/2, where Eo is the lowest 
eigenvalue and E, that immediately above. Then it follows 
rigorously from the “completeness relation” for (/7—a)y 
that 

(1) 


In order that condition (b) may hold, it is necessary that 
the integrals J,, J, should exist, and it is practically certain 
that the existence of these integrals, together with condi- 
tion (a), is also sufficient for (b) to hold. Accepting this, (1) 
holds for any function such as is commonly used in the Ritz 
method. If, but only if, Hy also satisfies the boundary 
conditions, we may write J;= /yH*ydr. This is often not 
the case. 

Excluding the trivial case that ¥ is an exact eigenfunction, 
L, as a function of a, increases steadily from — © to J; as 
a increases from — © to +. Hence we can remove the 
condition a> and require merely a=(E9+E,)/2. Wein- 
stein takes a=J;, which is permissible if y is at all a good 
approximation to the correct eigenfunction; but the best 
choice is obviously that which makes L a maximum, 
namely a=(E»9+£;)/2. Romberg’s expression is obtained 
with a=0, which is certainly not a permissible value if—as 
in most problems—£p and E, are both negative. In the 
opinion of the writer, no reliance can be placed on Rom- 
berg’s expression, for (unlike (1)) it depends on the zero of 
energy. Further, it definitely fails in some cases. 

The logical procedure is first to make a definite choice 
of a, selecting the greatest value for which the inequality 

=(Eo+E);)/2 is safely satisfied, and then to determine y 
so as to make L a maximum, i.e., 


Other choices of a give an upper bound for Eo, or upper 
and lower bounds for the higher eigenvalues, as given by 
Weinstein. The upper bound for Eo, however, offers no 
advantage over the Ritz approximation. It is intended to 
discuss some of the above points in greater detail in a future 
paper, and also to apply the method to derive a rigorous 
lower bound for the normal state of helium. 


Department of Applied Mathematics, A. F, STEVENSON 
University of Toronto, Toronto, Canada, 
December 13, 1937. 


1D. H. Weinstein, Proc. Nat. Acad. Sci. 20, 529 (800). and Ce 
oe cited there. See also J. K. L. MacDonald, Phys. Rev. 46, 828 

2 W. Romberg, Physik. Zeits. Sowjetunion 8, 516 (1935). 

% For a precise statement of these, see Pauli, Handbuch der Physik, 
second edition, Vol. 24/1, p. 121 et seg., or the original paper of von 
Neumann cited there. 

‘For an explanation of this term, see, e.g., Courant and Hilbert, 
Methoden d. math. Phys., p. 42 ef seg., or uli, reference 3, p. 127 
el seq., where the extension to continuous spectra is also considered. 

5 This i is really implicitly assumed in, for instance, using perturbation 
theory when the perturbation has singularities. A poe can be given in 
the case of a finile region by a modification of the argument used in 
Courant-Hilbert, reference 4, p. 368 ef seq., but the extension nece: 
to cover the case of an infinite region and continuous spectra, thoug 
plausible, presents difficulties, and has not yet (so far as the writer is 
aware) been given. 
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On the Determination of Single Crystal X-Ray Diffraction 
Patterns from Two-Crystal Spectrometer Rocking 
Curves 


The diffraction pattern g(@) of a crystal is the curve that 
would be obtained if a monochromatic, parallel beam of 
x-rays were allowed to fall on the crystal surface, and the 
reflected intensity measured as a function of the glancing 
angle 9. In addition to the interesting question of compari- 
son with predicted pattern shapes, a knowledge of g(@) is of 
prime importance in x-ray investigations with high resolv- 
ing power instruments, such as the two-crystal spectrom- 
eter. Such occasions arise in the study of the natural widths 
and shapes of emission lines, in the study of absorption 
edges, and in the use of the spectrometer as a monochroma- 
tor, for instance in the determination of he~¢'3 from measure- 
ments of the short wave-length limit of the continuous 
spectrum. 

The equation of the two-crystal spectrometer may be 
written! as 


r(+8)=const x 


8 =angular deviation of crystal B from the corrected Bragg angle, 

a =horizontal divergence of an elementary ray from the central ray, 

=(A—)o) proportional to the wave-length divergence of an 
elementary ray from the central ray’s wave-length Xo, 

r( +6) is the observed rocking curve as crystal B is rotated, crystal 


J(A—do) is the true line shape of the incident radiation, 
(0) is the single crystal diffraction pattern, 
Upper signs for antiparallel position, 
Lower signs for parallel position. 
Although the shape of a parallel position rocking curve is 
independent of j(A—Xo), it cannot be used to find g(6), 
unless the latter is supposed symmetrical, which is not in 
general true. On the other hand, determination of g(@) from 
observed antiparallel curves requires knowledge of j(A—Xo), 
which has heretofore been unknown, since the observable 
approximation to it, 7(8), depends upon the unknown g(@). 
It seems worth while to point out that the true line shape 
j(A— Xo) no longer need be considered unknown.? For 
instance, the calcite (1, +1) rocking curve r(8) of the 
Cu Ka line has a full width at half-maximum of 0.56 X.U., 
whereas the calcite (2, +2) curve, as well as the (2, +1), 
(1, +2), and (2, +2) curves with the (11-0) planes of 
quartz, have shapes that are identical, within experimental 
error, with a full width of only 0.455 X.U. Any of these, or 
their average, may be considered the true line shape of 
Cu Ka, and the first-order diffraction pattern for calcite 
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computed by solution of Eq. (1) for g(@) in terms of r(8) 
and j(A—Abo). It is to be noted that it is the higher resolving 
power attainable in the higher orders, especially with 
ground and etched quartz crystals, that makes possible the 
determination of g(@) in the first order for calcite (or for 
some other crystal). 

_ Solution of Eq. (1) for g(@) involves? multiplying both 
sides by exp (it8)d8 and integrating from — ~ to + ~; the 
Fourier transform of g(@) can then be found, and hence 
g(@). The method works if the upper signs are used, but 
fails for the lower signs, in agreement with the well-known 
fact‘ that consideration of parallel position rocking curves 
cannot give g(@). 

This method of analysis has been applied to the curves of 
reference 2, but owing probably to experimental uncer- 
tainty in the portions of the curves remote from the peaks 
satisfactory results were not obtained. More precise curves 
are now being taken with improved technique and appara- 
tus for the purpose of this analysis. The importance of these 
remote regions should be emphasized, as they contribute 
appreciably to the integrals of Eq. (1). The method here 
proposed requires knowledge of the shapes of r(8) and 
j(A—Xo) in the remote regions and the effect of these remote 
regions is not neglected in the analysis.® 

In the derivation of Eq. (1), we assume (a) that }¢,,” is 
negligibly small in comparison with (A— Xo) /Ao, where is 
the maximum vertical divergence of the incident beam and 
where (A—Xo) refers to the remote regions instead of to just 
the line width at half-maximum intensity, and (b) that the 
diffraction patterns of the two crystals are identical. These 
conditions may be satisfied in practice, but experimental 
tests of these assumptions must be made if the analysis of 
rocking curves is to lead to a significant single crystal 
pattern. 

FRANKLIN MILLER, JR.* 

University of Chicago, Lyman G. PARRATT 

Chicago, Illinois. 

Cornell University, 


Ithaca, New York, 
December 20, 1937. 


* Now at Rutgers University, New Brunswick, N. J. 

1A.H. Compton and S. K. Allison, X-Rays in Theory and Experiment 
(1935). This is Eq. (9.51), with the assumptions mentioned below. 

2L. G. Parratt, Rev. Sci. Inst. 6, 387 (1935). 

3 The solution is formally analogous to that of a similar equation by 
L. P. Smith, Phys. Rev. 46, 343 (1934). 

4A. v. Laue, Zeits. f. Physik 72, 472 (1931); Compton and Allison, 
reference 1, page 722. 

6 The ‘‘sharpened tool’’ approximation of DuMond, Phys. Rev. 52, 
872 (1937), requires that the effect of the wings be negligible. 
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Proceedings of the American Physical Society 


MINUTES OF THE CHICAGO, ILLINOIS MEETING, NOVEMBER 26-27, 1937 


HE 216th regular meeting of the American 
Physical Society was held at: Chicago, 
Illinois on Friday and Saturday, November 26 
and 27, 1937 at the University of Chicago in 
Eckhart Hall. The contributed papers, thirty- 
two in number were read in four sessions, one 
session on each of the four half-days. The pre- 
siding officers were Lyman J. Briggs, vice presi- 
dent of the Society, and John T. Tate. The head- 
quarters of the Society was the Windermere 
Hotel. The attendance at the meeting was about 
three hundred. 

On Friday evening the Society joined with the 
Chicago Physics Club at dinner in the autitorium 
of the International House on the university 
campus. The president of the Physics Club, 
Dr. K. W. Miller, presided and introduced the 
speaker of the evening, Dr. Paul D. Foote, 
vice president of the Gulf Refining Company, 
who spoke on Physics and Petroleum Research. 
The address was copiously illustrated with 
excellent lantern slides. 


Meeting of the Council. At the meeting of the 
Council held on Friday, November 26, 1937 the 
deaths of one honorary member (Lord Ruther- 
ford), two fellows (Edward L. Nichols and 
Charles B. Thwing) and four members (Leslie V. 
Case, Ronold Curry, John B. Dutcher, and 
Bailey Townshend) were reported. The Council 
asked Editor John T. Tate to correspond with 
Professor Ernest Merritt and prepare a suitable 
memorial on the death of Professor Nichols to 
appear in an early issue of the Physical Review. 
Three candidates were transferred from member- 
ship to fellowship and one hundred and thirty- 
four candidates were elected to membership. 
Transferred from membership to fellowship: F. 
Woodbridge Constant, H. Richard Crane and 
J. Stuart Foster. Elected to membership: Julius 
G. Adashko, Paul C. Aebersold, Bruno E. K. 
Alter, Jr., Scott Anderson, LeRoy W. Apker, 
Henry S. Bamford, Paul F. Bartunek, Samuel 
B. Batdorf, D. S. Bayley, David F. Bender, E. 


T. Booth, Louis Philippe Bouckaert, Woodford 
E. Bowls, William M. Brobeck, Frederick W. 
Brown, Richard L. Burling, Glenn R. Carley, 
Mary Louise Carll, Hugh Carmichael, Kenneth 
G. Carroll, Chang-Ning Chou, Joe S. Clark, 
Francis F. Coleman, Nathan J. Cornfeld, Robert 
Cornog, J. Hollie Cross, Munsey E. Crost, 
Edward N. Cunningham, Mark L. Dannis, 
Philip W. Davies, Henry M. Davis, Jules de 
Launay, Richard R. Dempster, Martin Deutsch, 
Joe R. Dietrich, Thomas J. Dietz, Kamal 
Djanab, Richard E. Downing, Durward L. 
Eaton, Alfred W. Einarsson, Alfred G. Emslie, 
Theodore Enns, Howard J. Evans, Robert D. 
Fowler, John E. Freehafer, Arthur S. Fry, 
Alvin C. Graves, G. K. Green, M. Mendel 
Greenberg, Theodore J. Hanwick, William E. 
Harper, Preston M. Harris, R. J. Havens, 
Arthur Hemmendinger, Wm. James Henderson, 
Victor Hicks, Jerald E. Hill, Chas. Hire, Laur- 
ence Hoisington, John H. Hollomon, William 
J. Horvath, Charles E. Houston, Colin M. 
Hudson, Emmett Hudspeth, Henry R. Hulme, 
Hillard B. Huntington, Vivian A. Johnson, 
Helen Jupnik, Sydney Kalmbach, T. C. Keeley, 
H. Kuhn, I. C. Kuo, Vernon W. Lemmon, 
Humboldt W. Leverenz, Josef Lichtschein, 
Harold Lifschutz, Robert S. Livingston, Dwight 
L. Loughborough, Emmeth A. Luebke, E. G. 
Lunn, Basile J. Luyet, James W. McGrath, 
Leonidas D. Marinelli, Emery P. Miller, George 
E. Moore, Ted J. Morgan, LeRoy L. Newman, 
Jr., Sikizi Onda, Robert H. Osborn, W. K. H. 
Panofsky, William L. Parker, David B. Parkin- 
son, Howard S. Pattin, Gene T. Pelsor, L. W. 
Phillips, Herbert C. Pollock, Richard W. 
Quarles, Arthur H. Redmond, Arthur Roberts, 
Pauline Rolf, Frederick D. Rossini, Arthur G. 
Rouse, Arthur J. Ruhlig, Howard S. Seifert, 
Durnford Smith, Adam H. Spees, Raymond G. 
Spencer, Louis A. Strait, Robert E. Street, 
Gerald F. Tape, Gereld L. Tawney, Owen L. 
Tekippe, Charles D. Thomas, D. Boyd Thomas, 
Frank H. Trimble, A. Francis Turner, A. van der 
Tiel, Albert L. Vitter, John E. Walter, Newton 
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E. Ward, Norman A. Watson, V. F. Weisskopf, 
Milo M. Wells, Hans Weltin, Raymond C. 
Westphal, Milton G. White, Enos R. Wicher, 
Lauriston P. Winsor, Clifford M. Witcher, 
Robert A. Woodson, John R. . Woodyard, 
Chien-Shiung Wu, Allan C. Young and John 
Youngblood. 


The regular scientific program of the Society 
consisted of thirty-two contributed papers (ab- 
stract number fifteen was withdrawn). The 
abstracts of these papers are given in the follow- 
ing pages. An Author Index will be found at the 


end. 
W. L. SEVERINGHAUS, Secretary 


ABSTRACTS 


1. Solubility at the Grain Boundaries of Solid Solution. 
GeorcE R. DEAN, The Pennsylvania State College. (Intro- 
duced by Wheeler P. Davey.)—(1) A technique has been de- 
veloped for obtaining, in a form suitable for spectrographic 
chemical analysis, specimens of material representing 
primarily crystal-boundary material which may be com- 
pared with other specimens of material from the body of 
the crystals themselves. Specialized equipment, developed 
for this purpose, will be shown by means of diagrams. (2) 
By spectrographic chemical analysis it has been shown that 
the concentration of solute in a solid solution is different 
at the intercrystalline boundaries than it is in the body of 
the crystals. (3) It has been shown specifically that Cu is 
more soluble in the body of the crystals of solid solutions 
of Cu in Zn than in the intercrystalline boundaries of 
those same solid solutions. 


2. The Packing Fractions of Titanium, Iron, Copper, 
Silver, Gold and Platinum. A. J. Dempster, University 
of Chicago.—By comparisons with oxygen, the packing 
fraction (X10*) for titanium*® has been found to be 
—7.2+0.1, and the mean of the fractions for the two 
copper isotopes —6.9+0.2. The value for titanium has been 
confirmed by a comparison with carbon. By comparing 
with nitrogen, the fraction for iron has been determined 
as —7.0+0.4. Silver has been compared with aluminium 
giving —4.9+0.5 for the mean of the fractions for the 
silver isotopes, assuming —3.7+0.3 for aluminium. Gold!” 
and platinum'™ isotopes have been compared with copper® 
giving values of 2.0+0.4 and 2.0+0.3 for their packing 
fractions. Comparisons that serve to confirm the values 
given above have also been made between gold and ti- 
tanium*, and between silver and iron™. A packing fraction 
curve drawn through these values lies about 2.0 units 
above Dr. Aston’s packing fraction curve. A probable 
packing fraction curve will be presented, and the agreement 
with a series of other mass comparisons will be illustrated. 


3. X-Ray Diffraction in Ionic Solutions. G. W. Stewart, 
University of Iowa.—For very dilute aqueous solutions of 
light ions, the alteration in the diffraction curve from that 
of pure water may be regarded as caused largely by the 
change in the structure of the water itself. Careful measure- 
ments were made of the diffraction curves of dilute aqueous 
solutions of LiCl, NaCl, KCl, NH,Cl, and MgCle. When 
the change in positions of the major and minor diffraction 


peaks and the relative heights of the latter in the diffrac- 
tion curves are considered, it is observed: (1) that the two 
peak positions approach each other with increasing con- 
centration, (2) that the relative height of the minor peak 
and sharpness of the major peak decrease. There is an 
interesting relationship between the rate of change of 
height of the minor peak and the rate of change of ap- 
parent volume per mole of the solute. Thus the latter may 
be explained in part by the change in structure of the 
solvert. 


4. Radiography of Thin Microtome Sections by Means 
of Fluorescence X-Radiation. ELMER DeERsHEM, Uni- 
versity of Chicago.—Heretofore radiographs of thin micro- 
tome sections have been made with the use of soft x-rays 
from grenz ray tubes. However, it can be shown that much 
greater contrast may be secured by using x-rays of moder- 
ate voltage to excite fluorescence radiation in an element 
the K radiation of which is selectively absorbed by some 
element whose distribution in the microtome section it is 
desired to study. Some of the more interesting problems 
in this field relate to the distribution of calcium. In this 
case, x-rays just shorter than 3.06A are selectively ab- 
sorbed; hence scandium whose K emission lines have a 
weighted mean wave-length of 3.02A is the proper element 
to use as radiator. Extrapolation from data on fluorescence 
yield obtained by A. H. Compton and his collaborators 
indicates that more than 90 percent of the secondary radia- 


‘tion from scandium consists of these characteristic wave- 


lengths, -provided the x-ray tube voltage is below 15 kv. 
Other elements may be selectively photographed by the 
use of the proper radiator. Slides will be shown illustrating 
the selective detail with which the calcium content of thin 
sections of bone may be photographed with the use of 
fluorescence radiation from scandium oxide. 


5. The Crystal Structure of Potassium Acid Dihydro- 
nium Pentaborate, KH2(H;0)2B;Oi0. W. H. ZACHARIASEN, 
University of Chicago.—In connection with studies on the 
constitution of the borates the crystal structure of “‘potas- 
sium pentaborate tetrahydrate” has been completely 
determined. Crystals of this compound are orthorhombic, 
a=11.08A; b=11.14A; c=8.97A. The unit cell contains 
four molecules and the space group is Aba(C2,'"). The four 
potassium atoms and four of the boron atoms are lying on 
the twofold axes and all the remaining atoms in general 
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positions. The 25 parameters (disregarding the hydrogen 
atoms) were determined. The results show that it is in- 
correct to consider the compound as a hydrate of KB,Os. 
The structure contains complexes B;Oi;o. A BO,¢-tetra- 
hedron forms the nucleus of the complex. Each of the four 
corners of this tetrahedron are shared with a BO;-triangle, 
and the four triangles are grouped together in two pairs 
by a shared corner. These complexes are held together by 
potassium atoms, hydrogen bridges and hydronium radi- 
cals. Each potassium atom has eight oxygen neighbors at 
an average distance of 2.92A. The hydronium groups are 
not rotating, but are linked to potassium and to oxygen 
atoms, to the latter by weak hydroxyl bonds. 


6. Variation of Characteristic Temperature with the 
Temperature of Zinc Crystals. G. E. M. Jauncrey, Wash- 
ington University, St. Louis —Two characteristic tempera- 
tures are necessary for the explanation of the variation of 
the diffuse scattering of x-rays from a single crystal of 
zinc with the angle of orientation. Indications are that the 
characteristic temperature for vibrations parallel to the 
c-axis has the constant value 170°K for the range 100° to 
200°K but that for higher temperatures it falls to the 
value 122°K at 550°K. The characteristic temperature for 
vibrations perpendicular to the c-axis remains practically 
constant at the value 280°K over the same range of tem- 
peratures. It seems that the characteristic temperature 
remains constant as long as the root mean square displace- 
ment in the corresponding direction is less than about 0.1A. 
It is found that the characteristic temperatures of KCl 
and NaCl crystals also depart from constancy when the 
root mean square displacement exceeds 0.1A. The relation 
between the characteristic temperature for x-ray scattering 
and that for specific heat will be discussed. 


7. The Effect of Temperature on the Atomic Distribu- 
tion in Liquid Sodium. Frank H. Trimsie, Northeast 
Missouri State Teachers College, AND NEWELL S. GINGRICH, 
University of Missouri.—The work of Debye,! and Zernike 
and Prins* enables one to interpret x-ray diffraction pat- 
terns of liquids quantitatively, giving, as a result, the dis- 
tribution of atoms about any one atom. This distribution 
function has been determined in the case of a few liquids, 
notably sodium* a few degrees above its melting point. 
In this work, x-ray diffraction curves of liquid sodium at 
several temperatures ranging from 100°C to 400°C have 
been obtained. Mo K radiation monochromatized by 
reflection from rock salt was diffracted from liquid sodium 
contained in a thin capillary and the diffracted x-rays were 
recorded photographically. An electric heater maintained 
the sodium at a constant temperature which was measured 
by a thermocouple. Exposures of 36 hours gave convenient 
photographic densities on the films. The films were micro- 
photometered and the resulting intensity curves were 
analyzed. The two intensity curves which were analyzed 
were those obtained at 100°C and 400°C. The angle at 
which maximum intensity occurred was 6° 36’ at 100° and 
6° 24’ at 400°. A comparison of the atomic distribution 
curves at the two temperatures shows that at 400°C the 


concentration of atoms about any one atom is much less 
than at 100°C, The first peak in the distribution curve for 
the 100°C case shows that there are approximately 8 atoms 
at a distance of 3.83A, and that for the 400°C case shows 
that there are approximately 8 atoms at a distance of 
3.90A. 


1 Debye and Menke, Erg. d. tech. Rontgenkunde, II. 
2 Zernike and Prins, Zeits. f. Physik 41, 184 (1927). 
3 Tarasov and Warren, J. Chem. Phys. 4, 236 (1936). 


8. X-Ray Investigation of the Asymmetry of the Atoms 
and of the Atomic Vibrations in a Silver-Cadmium Alloy. 
E. O. WoLLAN, Washington University, St. Louis.—Pre- 
vious investigations! on the reflection of x-rays from crys- 
tals of zinc and cadmium have shown that for these crystals 
the atoms are more or less ellipsoidal in shape, with the 
long axis parallel to the c-axis of the crystal, and also that 
the mean amplitude of the atomic vibrations is consider- 
ably greater along the principal axis than perpendicular to 
it. This asymmetry is associated with the fact that the 
axial ratio for these crystals is 1.86 and 1.89, respectively, 
as against a value of 1.633 for close packed spheres. 
This report deals with measurements of the intensity of 
reflection of x-rays from an alloy of silver and cadmium 
in the e-phase. This alloy consists of a solid solution of 
about 20 atomic percent silver in cadmium. The hexagonal 
cadmium lattice is retained but the presence of the silver 
atoms has the effect of reducing the axial ratio to 1.56, 
which is now below the value for close packed spheres. 
In contrast to the results for pure cadmium, the x-ray 
measurements on this alloy show that the cadmium atoms 
are now extended in a direction at right angles to the 
principal axis of the crystal and also that the amplitude 
of thermal vibration is greater in this direction than at 
right angles to it. 


1G. W. Brindley, Phil. Mag. 21, 790 (1936); Proc. Leeds Phil. Soc. 
3, 200 (1936). G. E. M. Jauncey and W. A. Bruce, Phys. Rev. 50, 408 
(1936). E. O. Wollan and G. G. Harvey, Phys. Rev. 51, 1054 (1937). 


9. The Rate of Production of Large Cosmic-Ray Bursts 
as a Function of Lead Shield Thickness. Ricuarp L. 
Doan, Phillips Petroleum Company, AND WILLIAM P. 
Jesse, University of Chicago—During the last two years 
a series of experiments has been carried out at Chicago 
on two of the model C type cosmic-ray meters of the Car- 
negie Institution of Washington. The rate of occurrence 
of bursts of magnitude 2.3 X 10’ ion pairs and upward was 
measured in relation to the thickness of shielding over the 
ionization chamber. Such bursts probably represent a 
passage through the chamber uf more than a hundred 
ionizing particles. The lower halt of the spherical chamber 
was surrounded with lead shot. The upper half was shielded 
with a series of hemispherical lead caps, each of 0.3 cm 
thickness. For both meters the rate of burst production 
rose with the addition of successive caps, reached a 
maximum for a thickness of about 3 cm of lead, and then 
slowly fell off with increasing thickness. Because of different 
experimental conditions it is difficult to compare these 
results exactly with the results of other experiments. 
However, the maximum rate of production of these 
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extremely large bursts occurs at a considerably greater 
shielding thickness than that obtained by most experi- 
menters for showers and small bursts. This is at least 
qualitatively in accord with the theory of Carlson and 


Oppenheimer. 


10. Cosmic-Ray Intensities at Great Depths. V. C. 
Witson, University of Chicago. (Introduced by Arthur H. 
Compton.)—A fourfold Geiger-Miiller tube telescope was 
employed to count the relative number of cosmic rays 
under different thicknesses of rock. Each Geiger-Miiller 
tube consisted of a 5 mil tungsten wire anode and a copper 
cathode 9 cm in diameter and 71 cm in length sealed in a 
glass envelope filled with hydrogen to a pressure of 9.6 
cm of mercury. The experiment was performed at Mohawk, 
Michigan, in a mine of the Seneca Copper Corporation. 
The shaft of the mine is inclined at an angle of 34 degrees 
from the horizontal; thus the telescope could be set up in 
the shaft under any desired thickness of rock. The sur- 
rounding rock is very uniform in density, and compara- 
tively free from radioactive material. Up to the time of 
this preliminary report, counts were made at thirty 
different stations at depths from zero to 1033 meters 
water equivalent. When the intensity is plotted against 
the depth, the resulting curve shows no points of inflection, 
and resembles, but is not, an exponential decay curve. 
The intensity at 1033 meters is approximately one ten- 
thousandth of the surface intensity. 


11. The Profile of the Compton Modified Band as 
Determined by Electron Scattering Measurements. A. L. 
HuGHES AND MARVIN M. MAnn, Jr., Washington Uni- 
versity, St. Louis.—When electrons of energy exceeding 
about 1000 electron volts are scattered by helium atoms, 
it is possible to regard an elastically scattered electron as 
one scattered by a nucleus, and an inelastically scattered 
electron as one scattered by an atomic electron. The 
energy distribution of inelastically scattered electrons can 
be related to the distribution of component velocities of 
the atomic electrons by means of a formula, due to Jauncey, 
which is derived from the same principles as those used 
by him in his theory accounting for the finite width of the 
Compton modified band. The formula states that the shape 
of the distribution of energies of the inelastically scattered 
electrons is identical with that of the distribution of 
component velocities among the atomic electrons, which, in 
turn, is identical with that of the profile of the Compton 
modified band. Quantum mechanical calculations, giving 
the profile of the Compton modified band, have been made 
by Hicks and by Kirkpatrick, Ross and Ritland. Our 
results on the inelastic scattering of electrons by helium 
atoms are in excellent agreement with the theoretical 
calculations. Where the two theoretical calculations differ 
slightly, our results agree better with those of Hicks. 


12. Characteristics of the Glow-Arc Transition in 
Mercury Vapor. FREDERICK A. MAXFIELD, University 
of Wisconsin.—The probability of the transition from glow 
discharge to arc discharge at graphite electrodes has been 
investigated under carefully controlled cathode conditions. 


The increase in transition probability with current density 
at the cathode of the glow has been found to be much 
more pronounced, and the increase with cathode fall of 
potential has been found to be much less pronounced than 
previous work would lead one to believe.! The curve of 
transition probability as the cathode temperature was 
increased was found to exhibit a distinct maximum at a 
temperature of about 400° or 450°C. The probability of 
the transition occurring at lower or higher temperatures 
was not more than one half or one third the maximum. 
It was also found that the frequency of transitions was a 
steadily decreasing function of time even during the last 
tests. A possible explanation of these results has been based 
on the hypothesis that it is never possible to degas com- 
pletely the cathode electrode even after prolonged opera- 
tion in a high voltage discharge The continual non-uniform 
emission of this gas from the cathode in the form of 
bursts from minute patches can lead to a greatly increased 
probability for transition from glow to arc. 


1Slepian and Ludwig, Trans. A. I. E. E. 51, 92 (1932). 


13. A Vacuum Tube Scale of Eight Circuit. Haro_p 
LirscHutz AND J. L. Lawson, University of Michigan. 
(Introduced by O. S. Duffendack..—A vacuum tube scale 
of two has been devised which is much faster than previous 
scale circuits.'!:? The principle of the present circuit is 
similar to a multivibrator except that direct coupling is 
used, accomplished very simply by means of a resistor 
between plate and grid. Two triodes are used in each 
scale of two, their inputs being in parallel. Jamming is 
impossible as the circuit is stable only when the tubes are 
at opposite ends of their J,—£, characteristics. Due to 
the direct-coupled regeneration, an incoming pulse causes 
an extremely rapid phase reversal of the tubes. Thus the 
plate voltage of the tubes increases or decreases on alter- 
nate pulses, making possible an electrical division by two. 
This circuit is independent of the polarity of input pulse 
so that coupling to a succeeding scale of two must be 
made through a triode biased past cut-off. A scale of eight 
was built as above and counted 55,000 random counts 
per minute when the Cenco counter choked, the circuit 
itself still counting. Oscillograph tests showed proper 
halving when tried at 180,000 sweep circuit pulses per 
minute. Counting losses began at about 3000 random 
pulses per minute, the losses being due to the Cenco 
counter. Higher scale ratios are, therefore, justified. 


1 Stevenson and Getting, Phys. Rev. 51, 1027 (1937). 
2 Wynn-Williams, Reports on Progress in Physics (1936), p. 239. 


14. Operating Characteristics of a Voltage Multiplying 
Circuit for Nuclear Disintegration Experiments. S. K. 
Atiison, G. T. Hatcu, L. S. SkAGGs AND N. M. SMITH, 
Jr., University of Chicago—A voltage multiplying circuit, 
similar to that first used for nuclear investigations by 
Cockcroft and Walton, has been constructed and operated 
at 60 and 540 cycles. The amplification ratio (output 
volts)/(peak input volts) at the higher frequency is found 
to be very close to the ideal 4, while at 60 cycles it lies 
between 3 and 3.5. The expected large reduction in ripple 
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at 540 cycles has been experimentally observed. A hori- 
zontal tube for the acceleration of positive ions has been 
constructed and is in satisfaciory operation. The type of 
construction permits the assembly and lining up of the 
accelerating segments to be accomplished before insertion 
into the tube. The ion beam has been analyzed magneti- 
cally and the intensity of beams corresponding to the 
formation of ions in the various gaps relative to the full 
energy beam estimated. For measuring the voltage a 
resistance of 750 ten megohm resistors in series has been 
constructed and installed in a vacuum tight case filled 
with nitrogen at atmospheric pressure. 


15. Photographic Measurements of the Brownian Mo- 
tion. CuAs. Hire, Murray State Teachers College. (Intro- 
duced by W. L. Severinghaus.)\—Gamboge particles of 
uniform size were suspended in water. Positions of the 
particles in a suitable sealed microscope slide were recorded 
instantaneously at intervals of 1/128 second by a photo- 
graphic method using an electric spark as the light source. 
Particle diameters were determined from the rate of 
settling by applying Stokes’ formula. In addition to the 
Brownian agitation, the photographs revealed field vibra- 
tions in which all particles moved in the same directions 
simultaneously. Simple corrections for the field vibrations 
gave the true Brownian displacements. Calculations from 
the corrected data gave for Avogadro's constant a value 
of 7X10" molecules per mole, and calculations from the 
uncorrected data gave results comparable with those of 
Henri. The paper contains a brief discussion of corrections 
needed for the law of Stokes. Apparatus and data table 
are illustrated with lantern slides. 


16. On the Deviations from Ohm’s Law at High Current 
Densities. EuGENE Gutu, University of Notre Dame, 
AND JOSEF MAYERHOFER, University of Vienna. (Intro- 
duced by George B. Collins.)—The deviations from Ohm's 
law have been studied experimentally by Bridgman! and 
Barlow? with conflicting results. According to Bridgman 
this deviation amounts to 1 percent at a current density 
of 10° amp./cm?, whereas Barlow finds no deviation for this 
current density. A theoretical investigation by the authors 
yields the results that a stationary state (i.e. stationary 
currents) is possible only when the ratio of the mass of the 
metal ion to the mass of the conduction electron has a 
finite value, and hence in the Lorentz-Sommerfeld theory 
of metallic conduction, which assumes fixed metal ions, 
a stationary state is not possible. Using the work of Peter- 
son and Nordheim,’ the authors found that a one percent 
deviation from Ohm's law is only possible in the region of 
10* amp./cm*. The investigation is based upon Bloch’s 
wave mechanical theory of metallic conduction in the form 
given by Bethe.‘ This study also leads to new results in the 
role played by the ‘‘Umklapp-Prozesse” of Peierls in the 
theory of electrical conductivity. 


1 Bridgman, Proc. Am. Acad. “. ss (1922); Phys. Rev. 19, 87 (1922). 
? Barlow, Phil. Mag. 9, 1041 (1931). 
+E. L. Peterson and L. W. Nordheim, Phys. Rev. 54, 355 (1934). 
4A. Sommerfeld and H. A. Bethe, Handbuch der Physik Vol. 24, 
(Berlin 1933) p. 11. 


17. Asymmetric Radiation Produced by High Velocity 
Electrons. GeorGe B. CoLLins AND Victor G. REILING, 
Department of Physics, University of Notre Dame.— 
Cerenkov! has reported the existence of an asymmetric 
visible radiation produced when electrons pass through 
liquids or solids such that Bx>1. This effect has been 
verified using a well collimated beam of 1.5 million volt 
electrons from an electrostatic generator. By using thin 
films of liquids and solids to avoid scattering of the elec- 
trons, it is established that the direction of emission of the 
radiation is quite definite. For alcohol and water the direc- 
tion of emission of the radiation with respect to the electron 
beam seems to be accurately given by the expression, 
cos @=1/8n. It is also found that the fluorescence produced 
by high velocity electrons in such substances as glass, mica, 
and water is small and that essentially all the visible radia- 
tion which is observed is of the type discussed above. 


1 Cerenkov, Comptes rendus, Acad. Sci. USSR. 14, 3 (1937). 


18. The Interaction of Neutrons with Normal and 
Parahydrogen. J. R. DuNNING, H. J. HoGe, J. H. MANLey, 
AND F. G. BricKkwWeppE, Columbia University and National 
Bureau of Standards.—Teller,! and Schwinger and Teller® 
have shown that (1) the spin dependence of proton-neutron 
forces and (2) the real or virtual character of the singlet 
state of the deuteron can be investigated by scattering slow 
neutrons in o- and p-H,. We have investigated the trans- 
mission of a beam of slow neutrons through two thin glass 
cells, 6 and 2.5 mm thick, into which liquid p- and n-H, 
could be condensed independently. The neutrons were 
produced in a “howitzer’’® which could be cooled to 90°K 
and were detected by a BF; pressure ion chamber con- 
nected to a linear amplifier. The more important prelimi- 
nary results uncorrected for neutron energy distribution 
are summarized in the table: 


Cross Section 
Temperature of Incident per Molecule 
Composition Neutrons cm? X 10% 
97% p-He ~300°K 29 
72% o-He ~300°K 4s 
96% p-He ~100°K 21 
72% o-He ~100°K 63 
99% p-He ~100°K neutrons filtered <14 
74% o-He through liquid p-He in ~75 


6 mm cell, transmission 
of 2.5 mm cel! measured. 


The trend of the cross sections with lowering neutron 
temperature proves conclusively the existence of spin 
dependent forces. The magnitude of the change shows that 
the singlet state of the deuteron is definitely virtual. These 
conclusions are further substantiated by the scattering of 
neutrons after filtration through parahydrogen. 

1 Teller, Phys. Rev. 49, 420 (1936). 


2 Schwinger and Teller, Phys. Rev. 52, 142 (1937). 
3 Powers, Carroll and Dunning, Phys. Rev. 51, 1112 (1937). 


19. The Oppenheimer-Phillips Mechanism of d-p 
Reactions. H. A. Betue, Cornell University.—In the light 
of Bohr’s picture of nuclear reactions the Oppenheimer- 
Phillips (O-P) process! is unique in that compound and 
final nuclei are identical. The number of emitted protons 
per unit energy (within certain energy limits) is propor- 
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tional to the “‘sticking probability’’ between neutron and 
initial nucleus, in contrast to ordinary nuclear reactions in 
which it is given by the density of levels of the final 
nucleus. An experimental determination of the proton 
energy distribution would give the width of very low levels 
of the final nucleus which is important for the theory of 
the a-decay and would permit a better determination of 
the nuclear radius R. An intermediate value, viz. R~10-" 
for naturally radioactive nuclei, is now considered most 
probable. The O-P mechanism is favored compared to the 
ordinary one mainly because the proton emission does not 
need to compete with neutron emission. The mechanism 
is probably valid for nuclear charges greater than about 
25, and for even lighter nuclei if the product nucleus is 
radioactive. However, an appreciable difference between 
the excitation functions of O-P and ordinary reactions 
should only be found for heavy nuclei (Z>40). The O-P 
process is usually not followed by secondary (cascade) 
disintegrations. 


1 Oppenheimer and Phillips, Phys. Rev. 48, 500 (1935). 


20. On the Theory of Focusing in the Cyclotron. M. E. 
Rose AND H. A. Betue, Cornell University.—The effect 
on the motion of the ions of the inhomogeneities in the 
electric and magnetic fields has been investigated. The 
electric focusing is predominant over approximately the 
first half of the path, the magnetic over the second. The 
most important factor in the electric focusing is the change 
of the field during the acceleration of the ion. If the electric 
field decreases during the acceleration, the ion will oscillate 
about the median (central horizontal) plane, the amplitude 
increasing as vt where » is the number of accelerations; 
otherwise, the ions are defocused. The magnetic field 
always gives strong focusing resulting in a decreasing 
amplitude. Therefore the amplitude reaches a maximum 
about halfway out to the exit slit. Upon emergence, the 
beam will therefore occupy only a fraction (~}) of the 
dee spacing, in accord with observations. Similarly, only 
the middle portion (~}—}4) of the source will be effective. 
The magnetic focusing would be improved if the magnetic 
field is made to decrease more rapidly towards the edge of 
the poles; a balance must be struck between this effect 
and the resonance condition. This explains the large effect 
of ‘‘shimming.” The theoretical results are independent of 


the special geometry. 


21. Induced Radioactivity in Silver by Fast Neutrons. 
M. L. Poot, Ohio State University —The work, previously 
reported,! on the radioactive isomeric nucleus in silver, 
Ag!™, has been continued and extended during the summer 
at the University of Michigan with the aid of the cyclotron. 
The 8-day period then reported has been repeatedly 
measured to be 8.2+.3 days. The 8-ray (electron) spectrum 
has an upper limit of 1.3 Mev. The 7-rays are very strong 
compared to the 8-rays; about 35 y-rays are emitted per 
8-ray. Nuclear x-electron capture is offered to explain this 
anomalously high y to 8 ratio. The y-ray spectrum is com- 
plex, having 1 Mev as its maximum. The positron emitting 
member of the isomer has a period of 24.5+.5 min. and a 


8-ray spectrum upper limit of 1.9 Mev. No y-rays are 
emitted other than the annihilation y-rays. A 3.2+.2 hr, 
period in silver has been found and is attributed to Ag", 
About 4 7-rays per 8-ray are emitted. The §-ray (electron) 
spectrum upper limit is 2.2 Mev. For the purpose of identi- 
fication of radioactive products, a-particles, deuterons, 
protons, y-rays, slow and fast neutrons have been used as 
bombarding particles on Rh, Pd, Ag, Cd, and In. A total 
of 20 nuclear reactions all leading to radiosilver has been 


observed. 
1 Phys. Rev. 52, 380 (1937). 


22. Nuclear K-Electron Capture and Negative Beta 
Emission. EDWARD C. CAMPBELL, Ohio State University.— 
In order to explain the abnormally high y to 8 ratio found 
experimentally by Pool in the 8.2-day period of Ag!, 
calculations have been made extending those of Moller to 
the case in which the emitting nucleus is positron-stable 
but is unstable with respect to the absorption of a K-elec- 
tron and also to the emission of an electron. The calcula- 
tions show that this can be explained only if it is assumed 
that the 8-transition is of the forbidden type. It is pointed 
out that no meaning can be ascribed to the point in the 
Sargent diagram corresponding to the observed decay 
constant for such nuclei, because that constant is the sum 
of the intrinsic decay constants for the two processes. 


23. The Energy Loss of Positrons Passing Through 
Matter. B. R. Curtis AND J. M. Cork, University of 
Michigan.—In a hydrogen-filled expansion chamber placed 
in a uniform magnetic field, the energy loss of positive 
electrons obtained from the radioactive isotopes of Co* 
(upper limit 1.6 Mev) and of Ag! (2.24 Mev) has been 
investigated by measuring the curvature of the tracks 
before and after traversing aluminum absorbers of 0.0275, 
0.053, and 0.114 cm thickness. A comparison of the 
amount of energy lost by the positron has been made with 
the energy lost by negative electrons emitted by P®. 
The results show that no difference in the amount of energy 
lost can be detected by this experimental method. The 
initial energies of the particles range from 0.3 to 1.6 Mev. 
The data have been grouped into definite intervals, and 
the average incident energy determined for each interval. 
The theoretical values for the average loss have been 
calculated from Bloch’s formula, in which calculations the 
energy of the particles is taken as equal to the incident 
energy minus one-half of the energy lost in traversing the 


AVERAGE AVERAGE ENERGY Loss 
THICKNESS INCIDENT (Mev) 

(cm) ENERGY 
(Mev) 

Exp. Theor 

0.0275 0.55 0.123 0.100 

0.053 55 .230 .214 

.60 .251 .202 

.237 .203 

87 .259 .204 

99 .270 .206 

0.114 92 425 


q 
q 

| 

a 

n 

I. 

a 

e 

4 

ti 

n 

ti 

tl 

tl 

ir 

re 

ce 

Ww 

th 

al 

ac 

Ir 

V 

ex 

pl 

pr 

an 


are 
2 hr. 
ron) 
enti- 


rons, 
as 
total 


AMERICAN PHYSICAL SOCIETY 207 


foil. The discrepancy between the theoretical and the ex- 
perimental values may be due in part to the particles 
having traversed a greater path in the aluminum than the 
actual thickness of the material. 


24. The Numerical Solution of Laplace’s Equation. 
G. H. SHoRTLEY AND R. WELLER, Ohio State Universtty.— 
In the Liebmann procedure for the solution of Laplace’s 
equation in an arbitrary two-dimensional region with given 
boundary conditions, the continuum is replaced by a net, 
a trial function is assumed, and successively improved by 
replacing the value at each point by the mean of the values 
at the four neighboring points. We have investigated the 
rate of convergence of this iterative process to the exact 
solution of the Laplace difference equation. This leads us to 
the formulation of an iterative procedure which converges 
many times more rapidly than the Liebmann; essentially 
it involves the improvement of nine points at once in place 
of a single point. By using this method one can arrive at a 
solution of Laplace’s equation of the required accuracy in a 
fraction of the time necessary in the case of the Liebmann 
procedure, which is the only practical method which has 
previously been given for handling the problem in question. 
While we are particularly interested in applications to 
photoelasticity, the method should be of interest in numer- 
ical solutions of potential problems in other fields, such as 
electrostatics, heat conduction, shapes of films and mem- 
branes, and perhaps hydrodynamics. 


25. The Relation Between the Gravitational Constant 
and Hubble’s Factor. ARTHUR Haas, University of Notre 
Dame.—An idea recently developed by Dirac and Jordan 
may be expressed in a more specialized form by postu- 
lating that the ratio R/a (R, the radius of the universe, 
and a=e*/(mc*), the classical radius of the electron) be 
equal to the well known dimensionless physical constant : 
A=e*/(fm,m) =2.30 X 10®, where f is Newton’s gravita- 
tional constant, and my, is the mass of the proton. We 
may combine this postulate with two additional assump- 
tions: R is at the same time the gravitational radius of 
the universe and is therefore equal to fM/c*, where M is 
the mass of the universe; for the largest distance possible 
in a closed universe, that is for the distance *R, Hubble’s 
recessional velocity becomes equal to the velocity of light. 
The combination of the first two principles leads to the 
equation: M/m,=(R/a)*=A*. From our principles we 
can also derive a relation between f and Hubble's factor ; 
we find: f = (rua*c) /my. Inserting the well-known values for 
the quantities on the right-hand side of this equation (w is 
about 500 km per sec. per mega-parsec. or 1.6 10~" sec.~!) 
we obtain for f the value 7X10™, in agreement with the 
accepted observational value. 


26. The Red Shift of the Nebular Spectrum Lines. 
IRA M. FREEMAN, Central College, Chicago. (Introduced by 
Vergil C. Lohr.)—Rejection of actual expansion as the 
explanation of the red displacement of nebular lines im- 
plies, as suggested by Hubble, that some yet undiscovered 
principle may be responsible for the effect. MacMillan, 
and more recently Haas,' have proposed an energy decrease 


of the photons as a possible reason for the red shift, and 
Sambursky*? has attempted to attribute the effect to a 
change in the value of Planck's constant. The present 
paper seeks to show that the observed displacements may 
be accounted for by assuming a secular decrease in value 
of the gravitational constant in an otherwise static uni- 
verse. A decrease with time of the gravitational constant 
means a decrease of the gravitational potential of all the 
matter in the universe. Consequently, during the time 
elapsing between the origin of a nebular photon and its 
reception on earth the potential will have decreased, so 
that the gravitational red-shift formula of relativity is 
capable of accounting for the effect. The calculations give 
results in harmony with known cosmic data and with other 
theoretical investigations. 

1W. D. MacMillan, Nature 129, 93 (1932); A. Haas, Science 84, 


578 (1936). 
2S. Sambursky, Phys. Rev. 52, 335 (1937). 


27. On the Superstructure and Magnetism of Pyrrhotite. 
S. S. SipHu AND Victor Hicks, University of Pittsburgh.— 
Pyrrhotite (FeS+S) solid solutions appear in one or the 
other of two low-temperature forms depending on whether 
they contain more or less than about 7 molecular percent 
sulfur: the boundary! is close to the composition FeS, o7. 
The low-temperature low-sulfur form is not appreciably 
magnetic, but the low-temperature high-sulfur form is 
strongly magnetic. In solid solutions from 50.0 to 51.2 
molecular percent sulfur (corresponding to Fe So), a 
“superlattice,” in addition to the basic hexagonal lattice, 
has been reported.? At about 51.6 mole percent sulfur the 
“superlattice” is said to disappear and magnetism to 
appear. The relation of the “superlattice” to magnetism 
has been further investigated by us through x-ray studies 
of powder specimens as well as single crystals of both 
magnetic and nonmagnetic pyrrhotite. The evidence for 
the presence of a “superlattice” in nonmagnetic pyrrhotite 
has been confirmed by means of powder diffraction spectra 
of samples of natural and synthetic pyrrhotite. Further, 
identically the same evidence has been obtained from 
both natural and synthetic magnetic pyrrhotite. The 
diffraction lines for the ‘‘superlattice’’ are found in varying 
numbers in the diffraction patterns of all the specimens 
studied and give the same structure as reported ;* hence, 
the presence of a “‘superlattice’’ is not considered essential 
to the magnetic properties of the material. 

1H. S. Roberts, Carnegie Institution of Washington Year Book 30, 


p. 84 (1931). 
2 G. Hagg and I. Sucksdorff, Zeits. f. physik. Chemie B22, 444 (1933). 


28. Space Group of Pyrrhotite. Vicror Hicks AND 
S. S. University of Pittsburgh —X-ray diffraction 
studies have been made on single crystals of pyrrhotite. 
In addition to Laue photograms, rotation photograms 
about the a, c, and (110) axes have been prepared with 
filtered molybdenum radiation. These photograms lead to 
a hexagonal lattice with the following dimensions: do, 
3.453+0.009A; co, 5.670+0.020A; dio, 5.976+0.029A; 
c/a, 1.644. The density of certain powder specimens has 
been determined by us as 4.55 g/cc. Using this value, the 
number of molecules of pyrrhotite per elementary cell is 
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approximately 2. The Laue photograms appear to have 
the symmetry De¢,. Rotation photograms, giving 51 inde- 
pendent reflections in the (100) zone, 70 in the (110) zone, 
29 in the (001) zone showed that diffractions from general 
planes (hk/) appear in all orders. Characteristic halvings 
are (001) and (hhl). Accordingly, the most probable 
space groups are Des‘, D3,*, and and of these, Dea‘ 
may be chosen as adequately representing the symmetry. 


29. Diamagnetism of Small Regions and the Super- 
conducting State. J. C. SLATER, Massachusetts Institute of 
Technology.—In a recent paper! it was suggested that a 
free electron gas confined in small cells of the order of 137 
atom diameters would show magnetic properties similar 
to superconductivity. For small magnetic fields, such a 
model shows very large diamagnetism, disappearing above 
a critical magnetic field, which is of the order of the 
observed threshold fields. Reasons were given for thinking 
that the electrons in an actual superconductor, at low 
temperatures, might approximate this simple model. The 
suggestion is now carried further by detailed calculation 
of the motion of free electrons in a cylindrical box with 
an axial magnetic field, verifying the results of the earlier 
qualitative discussion. Energy levels of individual electrons 
are split in the magnetic field, as in the normal Zeeman 
effect in atoms. This is the region of anomalously high 
diamagnetism. The critical field arises when levels begin 
to cross each other. Below this field, though electrons are 
accelerated by the induced e.m.f. associated with the 
magnetic field, there are no lower electronic levels which 
they can reach by collision with the lattice and no re- 
sistance. Above the critical field the magnetic behavior 
oscillates erratically, and finally the Landau theory of 
diamagnetism applies, showing an analogy to the Paschen- 
Back effect. 


1 Phys. Rev. 52, 214 (1937). 


30. A New Method for the Precision Determination 
of e/m for Electrons. A. E. SHaw, University of Chicago.— 
The focusing properties of crossed electric and magnetic 
fields for electrons have been investigated! for the case of 
circular orbits. The measurement of e/m based on these 
properties possesses simplicity, high objectivity and free- 
dom from uncertain corrections. This method differs from 
all other deflection methods in that the uncertainty 
attached to the electron velocities does not affect the final 
result. Final computations of e/m by this method reveal 
the curious fact that these uncertainties in velocity may 
range from 9 volts for an accelerating field of 120 volts, 
to 24 volts for an accelerating field of 395 volts. The order 
of magnitude of this effect and its apparent dependence 
upon the accelerating field remove it from the category of 
a contact potential. However, the focusing criteria de- 
veloped for this new crossed field methud make the final 
result independent of the accelerating potential. The 
methods employed by Kirchner and others to correct for 
these spurious effects in their methods for the measurement 
of e/m will be discussed; and the ultimate attainable 
precision of the crossed field method will be considered 


from the standpoint of modifications of the present 
mechanical design by the further application of kinematic 
principles. 

1A. E. Shaw, Phys. Rev. 44, 1006 (1933); 51, 58 (1936). 


31. Production of Uniform Magnetic Fields. R. J. 
STEPHENSON, M. FERENCE AND A. E. SHaw, University 
of Chicago.—In the magnetic focusing of electron beams 
and ion beams, it is important to secure magnetic fields 
which possess homogeneity over the region in space 
traversed by the beam. A pair of Helmholtz coils is usually 
used for this purpose. This combination of coils provides 
the desired uniformity of field only for a limited region 
coaxial with the coils, but for regions off the axis in the 
median plane the magnetic field is not uniform. It has 
been shown theoretically that in order to obtain the 
necessary uniformity off the axis in the median plane, the 
axial separation of the coils must be diminished; this 
separation depends upon the region at which uniformity 
is desired. The theory was applied to a pair of coils having 
a finite cross section of windings of 6 cmX6 cm and a 
mean radius of 30 cm. The necessary separation of the 
coils was determined and the uniformity of the field 
calculated for a cross-sectional area of 1 cm?, 10 cm from 
the axis and found to be superior to that of the Helmholtz 
arrangement. 


32. Quadrupole Rotation-Vibration Spectrum of H,. 
Hupert M. James, Purdue University, AND ALBERT 
SPRAGUE Coo.ipGe, Harvard University —Herzberg has 
suggested that it may be possible to prove the existence 
of H, in planetary atmospheres by observation in absorp- 
tion of its quadrupole rotation-vibration spectrum. To 
make possible a quantitative discussion of this problem 
the theory of quadrupole transitions between '= states of 
homonuclear diatomic molecules has been worked out and 
applied to this system. The quadrupole moment has been 
computed as a function of nuclear separation by the use 
of electronic wave functions obtained by a variational 
process. Matrix elements of this quantity have been 
computed using Morse and Poéschl-Teller vibrational 
functions. It is found that the intensity of the first line 
of the S branch of the fundamental band of H; is 8.1 10~° 
of that of the first line of the R branch in the fundamental 
band of HCl. The first and second overtone bands have 
respectively 0.91 and 0.19 of the intensity of the funda- 
mental band. It appears that this relative intensity, very 
much greater than that observed with dipole bands, is of 
the order to be expected in quadrupole overtone bands 
in general. 


33. A Simplified Method of Obtaining the Integrated 
Intensity from X-Ray Powder Photographs. E. O. WoL- 
LAN, Washington University, St. Louis—One of the dis- 
advantages associated with the measurement of intensity 
of reflection of x-rays by the photographic method is the 
amount of work involved in the analysis of the films. 
In this report a method will be described which has been 
found to reduce very materially the time needed for the 
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analysis without cutting down on the accuracy of the 
result. If an x-ray photograph is microphotometered with 
the usual type of instrument one obtains a record of 
photographic blackening which must be converted to a 
corresponding scale of intensity. To accomplish this, some 
investigators have made use of a functional relation 
between x-ray intensity and blackening. Another method 
consists in putting on each film calibration marks which 


relate the blackening to the intensity. In the method to 
be reported, such calibration marks are made use of. The 
usual method of replotting the microphotometer traces on 


an intensity scale and then integrating with a planimeter 


is not used. The area under the traces is obtained in terms 
of a linear measure by means of an especially constructed 
rule, which gives the integrated intensity directly from 
the traces themselves. 
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PHYSICAL REVIEW 


VOLUME 53 


Proceedings of the American Physical Society 


MINUTES OF THE STANFORD MEETING, DECEMBER 17-18, 1937 


HE 217th regular meeting of the American Physical Society was held in 
Room 372 in the physics department, Stanford University, California, on 
Friday and Saturday, December 17-18, 1937. 
Two sessions were held Friday and one on Saturday morning for the pre- 
sentation of the 31 contributed papers abstracted below. 
On Friday morning Professor Frederick Bedell spoke informally upon the 
work of the late Edward L. Nichols in the development of physics in America. 
Maximum attendances at the sessions were from 75 to 100 persons. 
PAUL KIRKPATRICK, Local Secretary for the Pacific Coast 


ABSTRACTS 


1. Positive-Point to Plane Discharge in Air at Atmos- 
pheric Pressure. ARTHUR F. Kip, University of California. 
—Investigations are being carried out on current-voltage 
characteristics of positive-point to plane discharge. All 
currents start abruptly and increase linearly with voltage 
in the lower part of the J— V curve. Lowering the voltage 
decreases the current until voltage reaches the critical 
voltage V,, at which point the current cuts off. It is shown 
that at any V>V, an electron appearing in the gap is 
sufficient to start steady corona. The initial current jump 
is found to depend on gap geometry and excess of voltage 
over V.. The minimum steady current which will flow is a 
function of gap geometry only, decreasing as gap distance 
is increased. A’ radioactive source placed near the point 
when V is slightly less than V, gives Geiger counter action. 
The maximum current flowing in this case fits the straight 
line J— V curve extrapolated below V,. With radioactive 
source, steady current onset and minimum steady current 
are found to coincide. Initial J— V slopes are expressed as 
a resistance which is found to increase linearly with the 
gap and to account for approximately 1 percent of the 
total voltage drop in the gap. Extrapolation of resistance 
to zero resistance gives the minimum gap at which stable 
corona will flow. 


2. Ionization, Negative Ion Formation, and Recombi- 
nation in the Ionosphere. Norris E. BRADBURY, Stanford 
University.—The ionization in the ionosphere is discussed 
in the light of present theories of recombination and nega- 
tive ion formation. It is suggested that the E and F, regions 
are formed as the result of the absorption of special bands 
of solar radiation and that negative ion formation is the 
predominant process in these regions. A sufficient number 
of electrons exists, however, to cause the reflection of 
electromagnetic waves. The F2 region is probably not due 
to the absorption of any special band of solar radiation 
but owes its formation to the preponderance at this eleva- 
tion of electron-positive ion recombination over negative 
ion formation during the day. The characteristics of the 


E and F, regions are discussed quantitatively and com- 
pared with experimental observations. A qualitative dis- 
cussion is given for the F; region since it seems probable 
that significant changes in level and density take place at 
these elevations. 


3. The Effect of Cathode Material on the Second Town- 
send Coefficient for Ionization by Collision in Pure and 
Contaminated N, Gas. W. E. Bow s, University of Cali- 
fornia (Introduced by Leonard B. Loeb).—A study of the 
Townsend coefficients a and B and the ratio B/a=y for 
ionization by photoelectrons in a plane parallel gap in Nz 
as a function of the ratio of field strength x to pressure p 
has been carried out. Electrodes of Pt, Hg, and Na were 
used with contamination of the N2 by Hg vapor and Na 
vapor and possibly Hz from the Na when such electrodes 
were used. The results of previous investigators were dupli- 
cated when Hg contamination was present. The results 
show a/p as a function of x/p to be materially lower with 
pure N2 than when Hg and especially Na contamination 
is present. This can be ascribed to ionization of Hg and/or 
Na and H by the electrons and/or metastable status of 
Nz. The values of 8/a=-y for Pt show a sharp peak rising 
at x/p=60, then falling sharply, eventually to rise again. 
The peak is ascribed to the action of N; radiation or meta- 
stable molecules on the Pt surface. The later rise is due to 
a secondary electron liberation by positive ion impact. 
The presence of Hg and Na or Hz destroys the radiation 
mechanism. With Na, enough of the high energy radiation 
gets through to cause a small peak of 8/a=y at a higher 
x/p than for Pt. 


4. Sparking Potential Measurements in Nitrogen and 
Argon for Platinum and Sodium Cathodes. FLORENCE 
EHRENKRANZ, University of California (Introduced by 
Leonard B. Loeb).—Curves were obtained for sparking 
potentials between fixed plane parallel electrodes in pure 
mercury-free argon and nitrogen with Pt and Na cathodes 
as a function of the pressure times the plate separation. 
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The argon measurements covered a p-é range of 1 to 240 
(mm Xcm) for pressures from 1.6 to 400 mm. The A-Pt 
sparking potentials agree very closely with Penning’s A-Fe 
values. For Na cathodes they are six percent lower than 
for Pt except near the minimum. The minimum value for 
Pt is 210 volts, for Na 97 volts. Predischarge currents were 
less than 10~° amperes for Pt and Na cathodes. For Ne: p-é 
ranged from 1 to 380 (mm Xcm). Sparking potential values 
for Na cathodes are twenty percent lower than for Pt 
except near the minimum where the difference is slightly 
greater. The minimum for Pt is 276 volts and for Na 200 
volts. Predischarge currents ranging from 360uA at a p-d 
of 360 to 154A at a p-é of 10 were observed for Na cath- 
odes. Pt cathodes with pure nitrogen gave predischarge 
currents less than 10-® amperes. Spectroscopic traces of 
Hg gave random predischarge currents varying from 
microamperes to 10~-* amperes. 


5. Carrier Mobility Spectra of Liquids Electrified by 
Bubbling. SEVILLE CHAPMAN, University of California — 
Data previously reported! on the electrification of aqueous 
solutions by spraying, investigated with an Erikson mo- 
bility tube under conditions of high resolving power, have 
been extended to bubbling, which gives more homogeneous 
groups of carriers. Distilled water gives sharply defined 
peaks on current-mobility curves corresponding to groups 
at mobilities 1.07, 0.9, 0.4 cm/sec. per volt/cm for nega- 
tives; 0.9 and 0.4 for positives. Few carriers are produced 
with mobilities less than 0.1. Depending on the size of the 
bubbling capillary, the ratio of the total amount of positive 
electrification to negative varies from 1 : 3 (small capillary) 
to 1: 100 (12 mm tubing), due to change in bubbling 
mechanism. Using high humidity air blasts gives less fast 
carriers, more slow carriers, and produces heterogeneous 
spreads of mobilities. Addition of salts to water favors 
production of slow carriers at the expense of fast ones, the 
curves degenerating to continuous distributions of mobili- 
ties from mobilities roughly 0.5 to 0.01. Medium concen- 
trations (10-* molal) produce more total electrification 
than distilled water, high concentrations (1 molal) less. 
Various concentrations of sodium stearate and sugar solu- 
tions give curves indicating significant surface tension 
effects. Results are interpreted on the basis of the electrical 
double layer theory of liquid surfaces. 


1 Seville Chapman, Phys. Rev. 52, 184 (1937). 


6. Relativistic Spin-Orbit Coupling in Nuclei. S. M. 
DancorF AND P. Morrison, University of California 
(Introduced by Professor J. R. Oppenheimer).—One can 
obtain a qualitatively correct account of nuclear magnetic 
moments by ascribing them: (1) to the intrinsic magnetic 
moment of the unpaired proton or neutron, (2) to the 
magnetic moment of a uniformly-rotating charged ‘‘drop,” 
(3) to the relative orientation of these moments as deter- 
mined by the relativistic Thomas precession of the spin. 
We have tried to generalize Thomas’ result to this model, 
in order to estimate doublet splitting and the rate of inter- 
conversion of spin and rotational angular momenta. 


7. Production of Pairs by Fast Electrons. W. E. Lams, 
Jr., University of California, AnD A. J. F. S1EGERT, Stanford 
University (Introduced by J. R. Oppenheimer).—The pro- 
duction of pairs by the impact of fast electrons on nuclei 
may be understood as the sum of two effects: (1) the pair 
production in the nuclear field by virtual quanta of the 
electron’s field; and (2) the internal conversion of the 
radiation field of the deflected electron. Elementary calcu- 
lation gives correctly the dominant term for the former 
effect, but gives an incorrect result for the latter. To 
elucidate this point the internal conversion formulae are 
derived for multipole radiation of high order; and the 
problem is also treated in the rest coordinate system of the 
electron. It is shown that for (2) the terms in In? E/mec? 
and In? E/mc* (E is the primary energy) vanish. 


8. On the Dynaton Theory of Nuclear Forces. R. Ser- 
BER, University of California. —Y ukawa has suggested that 
the range and magnitude of nuclear forces might be simply 
understood if it be supposed that neutrons and protons 
can exchange particles, of charge +e and mass yu such that 
h/uc is approximately the range of nuclear forces. Interest 
in Yukawa’s suggestion has recently been revived by 
cosmic-ray evidence which indicates the existence of 
charged particles of intermediate mass. Closer examina- 
tion, however, using the usual methods of quantum field 
theory, shows that on this basis it is not possible to obtain 
a satisfactory description of nuclear forces: (1) The force 
between neutron and proton in a state symmetric in their 
coordinates turns out to be repulsive rather than attractive; 
(2) the forces between like particles are only a few percent 
-of the proton-neutron forces; (3) the spin dependence of 
the forces is not given correctly; (4) there is no resultant 
magnetic moment for neutron or proton. The difficulties 
(3) and (4) may be remedied only by further ad hoc assump- 
tions. The correct spin dependence of the proton-neutron 
forces can be obtained by including, in addition to the 
scalar field originally suggested by Yukawa, a six vector 
field, and the magnetic moment by choosing a suitable 
coupling of these fields and the electromagnetic field. 
Objections (1) and (2) seem intrinsic. 


9. Neutron Produced Activities in Uranium. PHILip 
ABELSON, Radiation Laboratory, University of California.— 
Activation of uranium with neutrons leads to an extra- 
ordinary number of artificially produced radioactivities. 
The extensive work of Meitner, Hahn and Strassmann* has 
been repeated in this laboratory and, for the most part, 
verified. Sign of charge of emitted particles has been 
checked in a Wilson chamber and found in all cases to be 
negative. In the main the half lives given by the German 
workers have been confirmed. It has further been verified 
that at least two separate chains of 8-decays exist, both 
of which can be obtained from uranium activated with 
thermal neutrons. In addition a new period of 17 hours 
half-life has been found. With the possibility in mind that 
the chain of 8-decays may be followed by a-decay, a-parti- 
cle emission from the neutron activated uranium was in- 
vestigated. Placing activated material against the ioniza- 
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tion chamber of the linear amplifier within five minutes 
after completion of activation produced no observable 
effects. It was concluded that a-radioactive isotopes of 
half-lives less than 1000 years are not present in amounts 
comparable to the 8-active isotopes. 


* Meitner, Hahn and Strassmann, Zeits. f. Physik 106, 249 (1937). 


10. Neutrons from Boron plus Deuterons. H. Staus* 
AND W. E. STEPHENS, W. K. Kellogg Radiation Laboratory, 
California Institute of Technology.—The energy distribution 
of neutrons from the disintegration of boron by 1 MV 
deuterons has been measured by the method of a-recoils in 
a helium-filled high pressure cloud chamber whose stopping 
power was calibrated with thorium C’ a-particles. The curve 
is very similar to that of Bonner and Brubaker,! but the 
energy scale should be somewhat more accurate due to 
the stopping power calibration. Preliminary calculations 
give disintegration energies of Qo=13.65+0.2 MV, 
Q;=9.20+40.2 MV, Q2:=6.15+0.2 MV, and Q;=3.90+0.2 
MV. The relative intensities are about 1: 2:1: 3. 


* International Exchange Fellow. 
1 Bonner and Brubaker, Phys. Rev. 50, 308 (1936). 


11. Nuclear Transformations Produced in Zinc by Alpha- 
Particle Bombardment. W. B. MANN, Radiation Labora- 
tory, University of California—Zinc has been bombarded 
by 15 Mev a-particles and a number of consequent activi- 
ties observed. The disintegration products are mainly posi- 
trons, the half-lives of the observed activities being 20 
minutes, two of approximately 32 hours and 55 hours and a 


much longer one of the order of two weeks. A gallium sepa-_ 


ration indicates that the half-lives of 20 minutes and 55 
hours belong to that element and can therefore probably be 
assigned to Ga” and the new isotope Ga‘. The activity of 
32 hours may possibly be the 26 hour Ge™ reported by 
Satane. 8-ray absorption measurements give maximum 
energies of about 2.6 and 1.2 Mev for the 20 minute and 
32-hour activities, respectively. 


12. Neutrons from Lithium Plus Deuterons. WILLIAM E. 
STEPHENS, W. K. Kellogg Radiation Laboratory, California 
Institute of Technology—The measurements of Bonner 
and Brubaker! on the energy distribution of neutrons from 
the disintegration of lithium by deuterons have been re- 
peated by using a-recoils in a helium filled cloud chamber. 
Two distinct groups were found giving disintegration 
energies of 15.1+0.2 Mev and 12.0+0.2 Mev. These 
groups are attributed to the formation of Be® in a normal 
state and an excited state of about 3 Mev with a width at 
half maximum of the order of 1 Mev. The formation of Be*® 
together with the formation of He’ are probably the most 
important if not the exclusive modes of disintegration in 
this reaction. 


1 Bonner and Brubaker, Phys. Rev. 47, 973 (1935). 


13. Radioactive Isotopes of Cu, Zn, Ga and Ge. R. 
SaGANE, Radiation Laboratory, University of California.— 
Neutron bombardments, both fast and slow, on Cu, Zn, 
Ga and Ge were made. By studying the decay curves and 


relative intensities of the activity obtained for each isotope, 
the mass numbers for those radioactive isotopes were 
proposed. A study for 8-rays and y-rays was also made, 
For neutron loss process or n—2n reaction, Cu needs more 
than 12 Mev, while for Zn, Ga, and Ge, less than 8 Mey is 
sufficient. It is hoped to give these values more accurately. 
The general results are as follows. 


ELEMENT SIGN | BAY PB; 
Cu® + 10™ 160 X 10-3 inch 6mm 
+- 12.8 28 X 1073 yes 
Cus - S= 
+ 37™ 27 x10-3 yes 
+ 66™ 15 x 1073 4mm 
Ga?e - 20™ 15 X 10-3 no 
- 14.15 16 X10°3 gum 
Ge®® + 30" 16 X 10-3 yes 
Ge?! 266 10 x 10-3 yes 
- 80" 8 X10-3 yes 
Ge7? gb — 


14. The Gamma-Radiation from Boron Bombarded by 
Protons. W. A. Fow.er, E. R. GAERTTNER* AND C. C. 
Lauritsen, W. K. Kellogg Radiation Laboratory, California 
Institute of Technology—By use of a method which has 
been described previously} we have determined the 
distribution in energy of pairs and recoil electrons ejected 
from lead and carbon laminae by the gamma-radiation 
from boron bombarded by protons. Both the pair and 
electron distributions indicate three prominent gamma- 
ray lines at 4.4+.3 Mev, 11.8+.5 Mev and 16.6+.6 Mev 
with relative intensities of 1 : 1 : 1/6, respectively. 


* National Research Fellow. 
1 Delsasso, Fowler and Lauritsen, Phys. Rev. 51, 391 (1937). 


15. On the Disintegration of Nitrogen by Neutrons; 
Further Experiments in a Low Pressure Cloud Chamber. 
Franz N. D. KurieE AND MARTIN KAMEN, Radiation 
Laboratory, University of California. —Measurements on the 
disintegration of nitrogen by neutrons were obtained in a 
cloud chamber filled with nitrogen at reduced pressure so 
that the stopping power was of the order 0.3. The neutrons 
arose from the bombardment of beryllium with 5.5 MV 
deuterons in the Berkeley cyclotron. An attempt was made 
to collimate the neutrons by providing a path for them 
between the cyclotron and the cloud chamber in the form 
of a closed brass tube sunk in the 34-inch thick water 
tanks which surround the cyclotron. The total material 
in this path was one inch of brass, }-inch of iron, j-inch of 
water and 7 feet of air. A very good yield of disintegrations 
was obtained with this arrangement. The data were cor- 
related by plotting the total energy appearing as kinetic 
energy of the products of the disintegration against the 
energy of the captured neutron. The methods of obtaining 
these numerical data have been described before.! The 
conclusion is reached that the uncertainties in the stopping 
power of the gas, the range energy relation for boron to- 
gether with the large straggling of the range of the heavy 
particle render it impossible by this method to examine 
this disintegration in any more detail than has already been 
done. 


1 Kurie, Phys. Rev. 47, 97 (1935); 49, 208 (1936). 
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16. Cloud Chamber Studies in the Cyclotron Magnetic 
Field. Luts W. ALVAaRez AND M. Brospeck, 
Radiation Laboratory, University of California.—A cloud 
chamber was constructed to be operated in the 6 to 8 
kilo-oersted magnetic field adjacent to the cyclotron target 
chamber. Attempts to increase the field to about 12 ko 
by placing blocks of iron above and below the chamber 
were frustrated by a resulting drop in the deuteron energy 
from 5.5 to 2.5 MV. Photographs were taken with a single 
camera, through a mirror at 45°. A thin window in the wall 
of the chamber allowed disintegration products from deu- 
teron reactions to be photographed in the forward direc- 
tion. Most of the work, however, was done on neutron 
reactions, by using the high energy neutrons from Li+D. 
The chamber was filled at various times with helium, 
argon, oxygen, and air, and a target of Be was often 
cemented to the inside wall of the chamber, about 2 cm 
from the neutron source. No heavy particles of definite 
negative sign were observed. Many positively charged 
particles were observed which had a range in argon from 
3 to 10 times that to be expected from their curvature if 
one assumed them to be protons. These tracks decreased in 
relative abundance when the chamber was made more 
shallow, so they were probably protons making an angle 
with the plane of the chamber. 


17. Focusing Actions in the Cyclotron. Rospert R. 
Witson, University of California.—A qualitative study of 
the focusing of ions being accelerated in the cyclotron is 
made on the basis of electric and magnetic field measure- 
ments. Ion paths are calculated by a step by step process 
of integration. At small path radius 7, only the electro- 
static action is effective and is a defocusing which causes 
the ions to move away from the central plane between 
magnet pole faces; thus ions are lost, and the number of 
these is found to decrease with d/h, the ratio of electrode 
height to electrode separation. At larger r, the electro- 
static effect, which decreases with r?, would cause the ions 
to oscillate slowly about the central plane with increasing 
amplitude. However, before these oscillations can occur 
the magnetic focusing, which increases rapidly with r, 
predominates and causes the ions to oscillate with de- 
creasing amplitudes that determine the beam height and 
are proportional to (rg)? where ¢ is the angle made by the 
direction of the magnetic field with the vertical one cm 
above the median plane. The heights of the beam, obtained 
at various r for the cyclotron at Berkeley by measuring the 
radioactivity induced in a probe, agree very well with 
values calculated from the theory. 


18. Absorption Spectra of Diatomic Fluorides in the 
Carbon-Tube Furnace. F. A. JENKINS AND G. D. Rocues- 
TER, University of California.—The spectra of the fluorides 
of Be, Zn, Cd, Al, Ti, Sn, Pb, Sb, Bi, Cr, Mn, and Fe 
vaporized at temperatures between 1000 and 2000°C have 
been examined with a small quartz spectrograph in the 
wave-length region 5000 to 2000A. Certain modifications 
with regard to the heat shielding in the carbon-tube 


furnace recently described! have been made, and these give 
a considerable improvement on the efficiency there re- 
ported. Several new band systems are found. Of these, SnF, 
ZnF, MnF and PbF have been photographed in the first 
order of the 21-ft. grating (dispersion 1.32A/mm). Meas- 
urements of SnF show five doublet band systems and two 
continua. The Sn isotope effect is well resolved. In addition 
to the fluorides, the metals Cu, Mn, Al and Sn have been 
tried, but gave no molecular spectra. With AgCl two new 
band systems and a continuum, all lying below \2500, have 
been discovered, and their characteristics agree excellently 
with predictions of Mulliken.? 


1 Phys. Rev. 52, 1135 (1937). 
? Phys. Rev. 51, 310 (1937). 


19. Resonance Broadening of Spectral Lines. W. \. 
Houston, California Institute of Technology.—The 
method of Furssow and Wlassow! for computing the 
broadening of spectral lines, due to the interaction of the 
excited atom with unexcited atoms of the same kind, 
seems to have the most conceptual clarity of any yet sug- 
gested. By using this method it is possible to compute 
the broadening when the fine structure is not neglected. 


- The result can be expressed in terms of the strength of 


the line, as defined by Condon and Shortley, and shows that 
the broadening is the same for all members of a close 
multiplet. This is in agreement with the recent results of 
Lloyd, although the absolute value of the effect is, as 
with other computations, considerably smaller than the 
observed. 


1 Physik. Zeits. Sowjetunion 10, 378 (1936). 


20. Detection of Cocaine-HCl in Cerebrospinal Fluid 
by Spectroscopic Analysis. L. A. Strait anp R. B. Arrp, 
University of California.—It was desired to determine the 
approximate amount of a narcotic in cerebrospinal fluid in 
connection with a neurological problem. Cocaine-HC1 was 
chosen because it is soluble in body-fluid and has charac- 
teristic strong absorption bands in the ultraviolet region 
of the spectrum:' one, with peak at 2700A, log «=3.0 
and another with peak at 2300A, log «=4.0. The experi- 
mental arrangement is the same as that used by the first 
author in determining the characteristic u.v. absorption 
of vitamin E.? Normal cerebrospinal fluid (C.S.F.) is 
opaque in the region from 2800A to 2300A, making it 
impossible to detect the spectrum of cocaine-HCl in 
normal C.S.F. A simple process has been developed which 
makes the C.S.F. transparent to the desired degree. 
Simple additional manipulations permit the extraction 
from C.S.F. of cocaine-HCl. Concentrations of cocaine-HC1 
of the order of 1/100 g percent (1 part in 10,000) clearly 
indicate both characteristic curves of cocaine-HCl. A 
concentration of 1/300 g percent displays the absorption 
of the band only at 2300A. Concentrations up to 1/1000 g 
percent (1 part in 100,000) show detectable but faint 
absorption. Quantitative measurements can be made by 
means of photographic intensitometry.? 

1 Castille, Bull. Acad. Roy. Méd. Belg. 5, 193 (1925); Dobbie and 
Fox, J. Chem. Soc. 103, 1193 (1913). 


2H. M. Evans, Oliver E. Emerson, and Gladys A. Emerson, J. Biol. 
Chem. 113, 319-332 (1936). 
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21. High Pressure Capillary Lamps. C. Bot, Stanford 
University, California.—Demonstrations will be given of 
the later developments of high pressure mercury capillary 
lamps. The cooling liquid which flows around the quartz 
capillary is put under high hydraulic pressure, up to 1000 
atmospheres. Under these conditions arc voltages of 2500 
volts per cm and an input of about 2 kilowatts bring the 
light to a strong, white brilliancy. The ultraviolet portion 
becomes more and more absorbed, while the percentage of 
red increases. Demonstrations will be given also at lower 
pressures with a water-cooled lamp. When most of the 
visible light has been filtered out, the ultraviolet rays will 
very effectively light up a collection of fluorescent minerals. 


22. Rotational Energy Distribution of OH Molecules 
from the \3064 Band. ELISABETH REED LYMAN AND F. A. 
Jenkins, University of California.—The 0,0 OH band, 
3064, excited in both electrode and electrodeless dis- 
charge tubes, was photographed in the second order of the 
21-foot concave grating. Log J/i is plotted against the 
corresponding rotational term values where J is the photo- 
metrically measured intensity of lines and i, the theoretical 
intensity factor. Assuming thermal equilibrium, curves 


through the plotted points should be straight lines. All of - 


the curves from the discharge tube spectra deviate from 
straight lines at high quantum numbers, the deviations 
indicating more molecules than expected present in high 
levels. The lower the water vapor pressure, the lower 
average rotational energy, but none of the curves show 
thermal equilibrium. Addition of small amounts of helium 
or argon (1 or 2 cm) does not alter these effects although 
some evidence was found that addition of helium reduced 
the rotational energy at very low current densities. Ab- 
sence of thermal equilibrium prohibits the calculation of 
the temperature of the emitting gas in discharge tubes. 
Measurements of the band excited in the oxy-hydrogen 
flame and in the copper arc show thermal distributions of 
intensities from which temperatures of 3275°K and 6350°K, 
respectively, are calculated. 


23. The Mechanism of Corona Discharge. G. W. 
TRICHEL, University of California (Introduced by Leonard 
B. Loeb).—A study has been made of the mechanism of 
corona discharge between a point and plane in air at 
atmospheric pressure. Signals produced in a radio set by 
corona discharge have been compared with the voltages 
across a resistance in series with the point by means of a 
cathode-ray oscillograph. In the case of negative point 
coronas there appears to be a definite relation between the 
wave shapes of voltages obtained by these two methods. 
Radio pickup has been used to study certain phases of the 
positive point corona which does not produce any oscillo- 
graph pattern when the voltage across a series resistor is 
used. Signals obtained by radio pickup have been applied 
to a high speed impulse counter of the Wynn-Williams type. 
A study of the counting rate as a function of corona current 
and voltage, using various voltage sensitivities of the radio 
set, appears to give information about the number and 
magnitude of the electron avalanches comprising the corona 
discharge. 
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24. The Secondary Nature of Cosmic-Ray Effects in 
the Lower Atmosphere. I. S. Bowen, R. A. MILLIKAN, 
AND H. Victor NEHER, California Institute of Technology. 
—(a) The intensity of latitude sensitive cosmic rays as 
measured by an electroscope placed just outside the atmos- 
phere has been determined. (b) The ionization due to 
incoming electrons of 10 billion ev energy in this same 
electroscope placed 1/20th of an atmosphere beneath the 
top is found to be 13 times that outside. (c) Electrons do 
not become penetrating by virtue of high energies even 
up to 17 billion ev. (d) Neither protons nor other pene- 
trating particles of any sort enter the atmosphere in sig- 
nificant numbers from outside the atmosphere. (e) The 
observed penetrating particles and all other cosmic-ray 
effects, latitude sensitive and non-latitude sensitive, found 
in the lower atmosphere are practically all secondary 
effects—splashes from the absorption of electrons, or 
photons, or both taking place in the outer layers of the 
atmosphere. 


25. Nuclear Disintegrations Produced by Cosmic Rays. 
RosBert B. BrRopE AND MERLE A. Starr, University of 
California.—The appearance of a heavy ionizing particle 
in a Wilson cloud chamber photograph of cosmic rays is 
not a very rare event. In 20,500 photographs, 215 heavy 
particles were observed. In ten cases the photograph 
showed the heavy particle as originating from a disinte- 
gration in either the wall of the chamber or in a lead plate 
in the center of the chamber. Where the disintegration 
was produced before the expansion, only the heavy tracks 
were visible, but in other cases tracks of the density of 
electron tracks were found radiating from the disintegra- 
tion center. Other time coincident shower tracks are also 
visible in the chamber, indicating that these disintegrations 
are associated with cosmic-ray showers. The ejection of a 
number of heavy particles from a single nucleus can be 
interpreted as an ‘“‘evaporation” of particles from a highly 
excited nucleus. 


26. New Techniques in the Use of Geiger Counters. 
H. V. NEHER AND W. H. PIcKERING, California Institute 
of Technology.—A modification of the high speed counter 
circuit developed by Neher and Harper! permits the 
cylinder of the counter to be grounded. This has advan- 
tages in eliminating shielding and in using counters under 
special conditions when it is desirable to have the cylinder 
at ground potential. There is an advantage also in the fact 
that the normal potential drop across the first radio tube 
is much lower than in the previous circuit. The resistances 
used are in general lower and the performance better than 
before. Either a positive or negative pulse is obtainable 
to operate the next stage. To actuate a mechanical recorder 
a new type of extinguishing circuit has been applied to the 
argon-filled 885 tubes. Such a circuit eliminates the neces- 
sity of breaking the plate current of the tube mechanically, 
hence improves reliability. Oscillograph figures indicate a 
resolving time of 10-8 to 10~* sec., depending on the im- 
pedance of the mechanical counter. These new circuits are 
applied to four Geiger-Miiller counters 4 ft. long and 6 
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inches in diameter counting coincidences due to cosmic 
rays. 
1 Phys. Rev. 49, 940 (1936). 


27. Evidence for a Cosmic-Ray Particle of Intermediate 
Mass. DALE R. Corson AND RosBert B. Brope, University 
of California.—A cloud chamber photograph of a positive, 
heavily ionizing cosmic-ray particle, with a measurable 
deflection in a magnetic field, has been obtained. The ex- 
pansion was delayed 0.5 second to facilitate measurement 
of ionization. The Hp=3X105, with about 265 droplets 
(at NTP) per cm, contrasted with an average of 55 drop- 
lets per cm for an electron of Hp=4X 10%, Assuming that 
jonization is inversely proportional to the square of the 
velocity, one calculates a rest mass 350 times the rest mass 
of the electron. However, if one adopts the data of Wil- 
liams and Terroux! in which electrons in this energy range 
were found to ionize inversely as the 1.1 power of the 
velocity, one calculates a mass of about 700 times the rest 
mass of the electron. It is estimated that the limit of error 
in the measurement of the radius of curvature and in the 
number of droplets per cm is less than 20 percent. The 
length of the track in the chamber, 15 cm, eliminates the 
possibility of the particle being a proton. 

1 Williams and Terroux, Proc. Roy. Soc. A125, 289 (1930). 


28. The Production of Cosmic-Ray Showers at Great 
Depths. W. H. PickerinG, California Institute of Tech- 
nology.—Experiments have been performed with Geiger 
counters under various depths of water up to about 30 
meters. These show definitely the existence of showers 
consisting of at least three particles under such thicknesses 
of water. Down to 30 meters the ratio of the number of 
showers to the number of vertical coincidences remains 
approximately the same as its sea level value. The effect 
of lead on the shower counting rate below sea level has 
been investigated and no appreciable change due to the 
lead obtained. This result, however, is complicated by the 
fact that a heavily reinforced layer of concrete about two 
feet thick was immediately above the apparatus. An addi- 
tional experiment confirms the result that the shower 
counting rate decreases at the same rate as the counting 
rate for vertical coincidences below sea level. This was 
performed by finding the number of showers emerging 
from a 1.6 cm lead plate as a function of zenith angle, and 
comparing it with the corresponding distribution about 
the zenith of the single rays. Except for a small correction 
for the different geometry in the two cases, the two distri- 
bution functions appear to be identical. 


29. Theory of Neutron-Deuteron Impacts. W. E. Lams, 
Jr. AND R. SERBER, University of California.—A method 
has been developed for the treatment of such three-body 
problems as the collision of slow neutrons with deuterons, 
in which the range of forces is treated as negligible in com- 
parison to the size of the deuteron. In this limit, the integral 
equation which is equivalent to the wave equation and its 


boundary conditions expresses the wave function at all 
points of space in terms of its value just in regions in which 
two particles are within the range of their forces. One has 
then to guess the form of the wave function in these 
regions, and may check this by calculating the wave func- 
tion from the integral equation. One is guided in this 
choice by the behavior of the wave function in the theory 
of the deuteron and by an exact solution which we have 
obtained of the scattering problem for a neutron in the 
field of a fixed neutron and proton. 


30. Search for Short-Lived Radioelements. Luis W. 
ALVAREZ, Radiation Laboratory, University of California.— 
The failure to observe any positron-radioactive elements 
higher in the periodic system than the rare earths has been 
puzzling, since many such isotopes should be formed by 
the reaction: (n—2n). The experimental observation that 
electron capture and positron emission are about equally 
probable for Z=23, coupled with the theory, which pre- 
dicts the former process to predominate for large Z, sug- 
gested the possibility that the expected positron emitters 
have their half lives so reduced by the alternate decay 
process that they have escaped detection. A holder was 
arranged to transport targets from the immediate vicinity 
of a lithium neutron source to a Lauritsen type electro- 
scope in 0.3 second, and at the same time turn off the 
deuteron beam. The electroscope and observer were pro- 
tected from neutrons during the bombardment by a meter 
of water. No short life products were found in Pt, Au, Hg, 
TI, and Pb. Several short periods (1 to 10 sec.) in the light 
elements were verified, and in some cases, the decay curves 
were followed by means of a kymograph recorder con- 
trolled with a telegraph key. 


31. On Some Operating Characteristics of a Cloud 
Chamber Designed for Use Through a Range of Pres- 
sures. Franz N. D. Kurire, Radiation Laboratory, Uni- 
versity of California.—A cloud’ chamber is described which 
was designed for operating at pressures ranging from the 
vapor pressure of the condensant to several atmospheres. 
The chamber follows somewhat the designs of Petrova and 
Joliot in that the expansion is made by an auxiliary piston 
so that the speed of the expansion is at the disposal of the 
operator and to a large degree independent of the pressure 
in the region where the tracks are formed. A very inter- 
esting and useful property of this chamber is the fact that 
its sensitive time can be varied. By reducing the driving 
pressure and increasing the expansion stroke this time can 
be made of the order of half a second. The chamber can be 
operated ten times a minute and since its volume is over 
a liter its sensitivity is as great as an ordinary linear ampli- 
fier. Another property is frequently a source of annoyance; 
this is the phenomenon of ‘‘streaming” or ‘‘curtaining.” 
Under some conditions the tracks appear to have vertical 
curtains attached to them. A possible explanation of this 
effect is discussed and means of obviating it are mentioned. 
Methods of ‘‘keying” a cyclotron in synchronism with the 
chamber will be considered. 
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